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SUMMARY ~
/gﬁ’ g y
This report presents results of an experimental investigation of
supersonic base fléw processes under turbulent wake flow conditions,
The measurements were made in the near-wake region of a two-dimensional

medel at a free sfream‘Mach number of 3.

Local‘ﬁeaf fluxes and pressures were measured on the base of the
mode! for various cooling rates over the transitional to fully turbulent
flow reg?més. It was observed that base temperature had a smali, but
measurable ihfluence on heat transfer coefficient and mean base pressure.
For turbulent flow with the base at recovery temperature, profiles of
impact pressure, static pressure, and total temperature were obtained
in the shear layers, and impact pressure and centerline static pressure

data were measured in the recirculation zone.

Definite indications of reverse flow were found in the recircuia-
tion zone, and reverse-flow Mach numbers as large as 0,6 were observed.
Although the overall nature of the flow was found to be steady, regions
of fluctuating fiow were found, and the total flow pattern proved to be

more complicated than originally expected.

The existence of @ thin "boundary layer - like film" on the base of
the model was proven by tempereture profiles measured normal! to the base
at base-to-tunnel, total-temperature ratios of 0,950, 0.7!6, 0.487, and
0.340 under turbulent shear |ayer conditions, Heet transfer data
calculated using these profiles and the Fourier heat conduction equa-

tion agree with the directly measured wall values,

Neting the similarities between base flow and ordinary stagnation
point flow, base heating rates were calculated using incompressible
stagnation point theory. The velocity gradient was evaluated both
from the vertical base pressure distribution and the centerline static
pressure data, The heat fluxes so obtained were in good agreement with

the measured values,
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Total temperature measurements made in the recirculation zone with
wall cooling showed that although the region closest to the base senses

the drop in temperature, the major portion tends to ignore it and

remains near its recovery value, which is close to the free stream total

temperature. These findings indicate that the largest barrier to heat
flow into the base is the enveloping base boundary layer, with only
small resistances encountered at the shear layer and in the recircula-
tion zone, Although a large capacity exists for carrying heat into
the base area, only a small portion can penetrate the base boundary
layer. This explains the discrepancy between measured heat fluxes and

those predicted by existing theories,

A survey of available base flow literature was completed and 2
critical study of Korst's mixing layer analysis was carried out.
Korst's theory provides a reliable prediction of base pressure values
and his heat transfer analysis is valid if the relation between base

temperature and recirculation zone temperature is considered. Hectdon
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Symbol

(@ T ¢

NOMENCLATURE

area
speed of sound
Crocco number
chord

speci fied heat or pressure coefficient

error function

base half height

heat transfer coefficient
heat transfer coefficlent based on
(T° - TB)

probe half height
enthalpy

thermal conductivity
mixing length

disturbance length

Mach number

mass flow per unit width
Nusselt number

Peclet number

Prandt! number

pressure

dimensiontess heat flow
heat flow per unit width
heat flux

gas constant

Reynolds number

Stanton number
temperature

thickness

velocity

velocity component in x direction

time averaged velocity component in x direction



Symbol
v volume
v velocity component in y direction
v time averaged velocity component in y direc-

tion

wake length

position coordinate

position coordinate

dummy variable

ratio of specific heats

viscous layer thickness

eddy viscosity

position parameter, /2 'r;'—

o y/x

time or streamline angle

dimensionless energy flow rate/unit width
absolute viscosity

kinematic viscosity

transformed x - coordinate

density

dimensioniess spreading factor

shearing stress
dimensionless velocity u/G2a
density of model base

dimensionless mass addition parameter

;>'bﬁ E€CN AP JF ¥ @3 3m > @< x X

dimensionless temperature T '/T
P (o} / o2a

Superscripts

' local value or fluctuating component
r local value behind shockwave
X




Subscripts

X = 0 N D O > —

x

2a

base region, recirculation zone

base

forward

indicated value (not corrected for Re error)
velocity difference indication

stagnation conditions or mixing layer origin
recovery conditions

rearward

wetted length

wal |

wake length

station in shear layer

edge of forebody boundary layer at shoulder

shear layer free stream

outer edge of viscous layer

X1



f oo om oos me o ow SN Ee ES W BN MS BE BN AN Sw BN M S

|, INTRODUCTION

The Rosemount Aeronautical Laboratories of the University of
Minnesota have recently completed an experimental investigation of
supersonic base flow processes under turbulent flow conditions. The
primary purpose of the investigation was to obtain an understanding
of the fundemental processes of convective base heat transfer in
supersonic flow, leading to development of methods for predicting

base heating under flight conditions.

{;‘\(ﬂa\//\q..{‘\ —
Flow processes in the near-wake, or recirculation zone as it is

sometimes called, dominate the thermal and 'fluid mechanical environ-
ment of the base., Considerable experimental and analytical effort has
been expended to obtain a better understanding of the fluid mechanics
of flow around bases, These early investigations were initiated
because of the large drag created by underpressurization in the base
regions of missiles and aircraft, Base heating of bailistic missiles
has been responsible for the recent interest shown in this type of
ftow., During the high Mach number portion of missile trajectories, base
aerodynamic heating can become serious, and at lower altitudes, the
recirculation of hot exhaust gases in the base region creates a severe
heating problem, Since no method exists for reliable prediction of
these heating effects, the tendency has been to overprotect, with
resulting increases in vehicle weight and corresponding decreases in

range and performance, .

It is hoped that these findings will contribute to a better
understanding of the base flow process and will help those-who are

trying to overcome the base heating problem,



2., THEORETICAL BACKGROUND

2.! Formulatien of Flow Mode!

Flow in the base region of a missie with an exhausting jet presents
a formidable problem, both to the theoretician, who wants to derive a
set of equations describing the flow processes involved, and to the
experimentalist, who wants to simulate those conditions in the wind
tunnel, At the present time, & flow mode! and accompanying theory which
accurately describe the flow picture and reliably predict both base

pressures and heating rates have not been obtained.

Using a phi'osophy of starting simply and advancing later to
complex configurations more closely related to flight conditions, it
was felt that a simp!e, two-dimensional model, with a flush base would
provide a good vehicle to establish a base flow environment amenable
to theoretica! analysis and experiment., As turbulent flow is usually
encountered during portions of the vehicle trajectory of interest,
similar conditions were desired in our experiments. A Mach number of
3 was chosen because even at hypersonic speeds, blunt vehiclies of

moderate length have shoulder Mach numbers near this value,

Due to the complexity of the problem, it may be heipful to divide
the assumed fiow mode! into smaller sub-regions, The reader is referred
to Figure | which displays the zones of interest, We shall consider
only a two-dimensional, compressible, near-wake, region behind a slender
body immersed in a moderately supersonic flow (I €£M£3), The following

zones of interest are presented:

1. The initial free stream extends from the oufer edge of the

leading boundary layer outwards, presumably terminating at a

shock wave,

2. The initial upstream boundary layer. The local Reynolds

number is faken large enough such that only turbulent boundary
layers need be considered. Extremely low density and inter-

mediate laminar range boundary layers are omitted,




1

5b.

7a,

7b.

8a,

The expansion zone., The sub-region wherein the turbulent

boundary layer interacts with the irrotational Prandti-Meyer flow,

The near-wake free stream., This region |ies downstream of the

inviscid portions of Regions | and 3,

Region 5a includes the expanded boundary layer above the |ip

shock. Experiments indicate that this region Is formed of
the outer portions of the upstream boundary layer and the
veiocity gradients are greatiy diminished as the expansion

zone is bridged. A nearly uniform flow results,

Region 5b involves the expanded lower portions of the upstream

boundary layer. The upper boundary of Region 5b is the Iip

shock which is generally accepted to result from the expansion

process.

Region 6 includes the portion of the mixing layer which falls

above the dividing streamiine., The boundary between Regions

5b and 6 defies exact specification due to the turbulence
present and to the asymptotic nature of the mixing layer, The
lower boundary, the dividing streamline, falls close to the

inflection point of the mixing layer velocity profile,

Region 7a involves the lower portion of the mixing layer below

the dividing streaml ine, and; for convenience, above the zero
velocity line., THe flow in this region is recirculated when

the wake is closed.

This region is often referred to as the "dead-zone", despite
experimental evidences reported herein and recurrent experi-
mental reportings of the existence of large reverse flow
velocities of the order of 0-0.6 in Mach number. Regions7a-7b,

when lumped together, will be called the "recirculation zone",

Region 8a may be a boundary or a zone., The experimental evidence

of this report supports the existence of a thin "boundary layer"

like film flowing over the rearwerd vertical surface of the body.

3




8b., Region 8b involves the stagnation region of the wall boundary

layer mentioned above. It also includes any "roller-bearing"

vortices which may occur in the corner region.

9, Region 9 includes either a, the horizontal solid surface (in the

case of a rearward facing step), or b, a plane of symmetry. In

the first case the velocity is zero on the wall while the velocity
gradient is finite. In the second case the centerline recircula-

tion velocity is finite while the velocity gradient is zero.

10, Region 10 is loosely classified as the recompression region.

Its boundaries are incapable of description since the region
encompasses the aft portions of Regions 5a-9 and the trailing

shock.

I1. Region |! is another mixed flow region, not to be considered

here, which is called "far-wake",

The brief description of the zones of interest demonstrates
that we are not dealing with a single, basic, fluid mechanics problem.
Each zone involves complicated processes, not in themselves fully under-
stood, much less their interactions. The philosophy of this discussion
is to present a few of the available theoretical analyses and experi-
mental results which hopefully apply to the individua! zones and to
suggest methods whereby these techniques may be synthesized to provide
the "total-picture™, Of course, such a "building block concept®
necessarily requires a host of simplifying assumptions. This condition
typifies the present state of the knowledge of near-wake flow - the
simple, refatively inaccurate solution prevailing over the cumbersome,

numerical! step-by-step computation.

The near-wake problem is not a separation process in the
accepted terminology. The separation process depends upon the interaction
of the pressure distribution with the low speed portions of the upstream

boundary tayer and is relatively independent of the free stream conditions.




Bl oom (l)* describes the class of separated flows describablie in
terms of the boundary layer approximations as moderately separated
viscous flows - with negligible pressure variations normal to the
surface, For shock or step-induced turbulent separation with

smal| pressure gradients, such methods are satisfactory for engineer-
ing relations but the formulation fails for the more difficult case
of large pressure differences because of the inadequacy of the

turbulent mixing hypothesis under these conditions,

2.2 The Production of the Heat Flux Into the Base Region of a

Supersonic Vehicle

2.2.1 General

Preceding and concurrent with the experiments, a survey of the
unclassified Iiterature pertaining to separated flows was carried out.
The study of this type of flow is growing at an increasing rate because
of the widespread interest shown by those encountering this phenomenon
in investigations of base heating, hypersonic control and stability,
aerodynamic noise generation, and such longstanding problems as

airfoil performance and internal aerodynamics of channels and ducts.

Rosenhead (2) has presented a critical summary of knowledge and
ignorance, both theoretical and experimental, of the classical
phenomena of vortex systems in wakes, Krzywoblocki (3} has given an
extensive review of the |iterature on jets which deals with the
fundamentals and mathematical theory of free boundary flow in jets;
with the distribution of velocity, density, pressure and temperature
in laminar jets and the transport of mass momentum and energy in

turbulent jets.

Subsonic Versus Supersonic Wakes

At low subsonic Reynolds numbers a vortex is formed in the wakes

behind obstacles, The primary Karman vortex streets are not stable (4),

#*Numbers in parentheses indicate references,



They become deformed a&s the distance behind the obstacle increases and
finally break down., Thereafter the wake rearranges itself into a
secondary vortex street much l'arger that the primary one and the process
continues. A mode! commonl!y used for the determination of incompressible
viscous flow in large Reynolds numbers about a bluff body placed in a
uniform stream is the Helmholtz-Kirchhoff free stream!ine model or the
modified Kirchhoff mode! of Roshko. The essantial features are that

the fluid velocity be zero everywhere inside the wake bubble (5),

Ryan (6) measured quite low recovery factors behind blunt bodies -
a phenomenon which has been described by Ackeret's non-steady potential
vortex theory (7). Thomann {8) also found that the recovery factor was
greatly influenced by the vortex sheet in subsonic flow, The suppression
of the vortex sheet has been accompl ished by a splitter plate which
increasés the recovery factor from 0,1-0.2 fo 0.8-0.9. At transonic
and supersonic speeds where the vortex sheet disappears, the measured
recovery factors are again 0.8-0,9. Shadowgraph observations of the
supersonic case indicate that there is no evidence of large scale vortex
formation. The expansion-shock process seems to stabilize the flow

pattern, according to the laws of forbidden signais.

Since subsonic and supersonic near-wake flows appear to possess
quite different flow characteristics, extreme caution must be observed

in extrapolating subsonic experimental data into the supersonic range.

The Near-Wake Region Versus Gaps and Steps

The step-gap process is a combination of separation and mixing.
Frequently there are high normal gradients near the face of step and a
vortex of considerabie strength in this region., Gaps are notorious
sound generators (9-12), In (13) cavity resonance was accompanied by a
large decrease in transi{ion Reynolds number at the lower test Mach
numbers. If the gap is of sufficient length fransitions for which the
flow changes from the type of cne to the type of two dead air regions

comp!licates the process (i4). Also the critical cavity depth comes into
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pltay, i.e,, the depth beyond which the depth increases has no effect

on pressure distribution in the cavity.

The type of flow reattachment is a dominant factor in the flow
patterns, Gaps and steps permit flow reattachment to occur on the body.
The recompression process is sensitive to body geometry in the recom-
pression reqgion, Therefore, it is difficult to compare experimental

results taken on bodies of varying geometries.

In (15) Chung and Viegas present a boundary layer type of
heat transfer analysis which considers laminar separation heat
transfer at reattachment, This is another example of the formulation
of a boundary l!ayer under vortical motion bearing a certain resemblance
to the base boundary layer found in the present experiments but differ-

ing due to the relatively large recompression pressure gradients,

In the near-wake case, recompression does not occur on fhe body.
A flow reattaches to its image flow downstream of the body. Since the
body is not in close proximity to the recompression region and its
associated high pressure and heat fluxes, the influence of the recom-
pression process on the body heat transfer characteristics is not

direct, but secondary through the mean base pressure.

2.2.2 Discussion of Zones of Interest

The Initial Free Stream and Body

In the absence of upstream protuberances such as wings and
fins, the initiel free stream condition will be a nearly-constant-
pressure, constant-velocity, flow, Ferri (16) has made calculations
on the inviscid effects of the entropy layer caused by body bluntness
on base pressure and heat transfer. He concluded that at high Mach
numbers the pressure on the reer part of the blunt body is higher than
free stream and the heat transfer on the afterbody can be important,
He found that heat transfer data obtained &t low Mach numbers cannot
be extrapolated directly to high Mach numbers since relative levels of
heat flux on the front part and rear portions of the body change

rapidly with Mach number. Bogdonoff (17) has observed these phenomena

7



which differ with the low-Mach number, flow picture of Figure I. He
cautions that at high Mach numbers,once the wake is closed or has a
minimum section, the assumption that downstream disturbances have no
effect, cannot be used. The sensitivity of the wake disturbance casts
doubt on the comparisons of base pressure measurements taken at

hypersonic speeds.

The Initial Boundary Layer

When the boundary layer on the body surface is turbulent the free
shear tayer is also turbulent; however, if the boundary layer is laminar
the laminar free-shear-layer shows an increased stability at supersonic
speeds. The upstream boundary layer can influence the near-wake flow
model., The low base pressure presumably propagates upstream in a manner
which is the inverse of a boundary-layer-shock-interaction. The boundary
layer profiles (laminar or turbulent) must be included, as inftial
conditions in a complete analysis of the near-wake problem, For exampie,
in the Crocco-Lees analysis (19), the initial boundary layer thickness
is a fundamental variable since it is a boundary condition for the inte-

gration of their differential equation which governs the base pressure.

Clauser (20) suggested a possible relation of the known |aminar
boundary layer solutions to the outer region of turbulent boundery layers.
Sandborn (21) presented a general empirical relation for the mean velocity
distribution of both the laminar and turbulent boundary layers, Coles
{22) suggested that the development of the attached turbulient boundary
layer is ultimately interpreted in terms of an equivalent wake profile
which is modified by the presence of a wall, i.e., the streamwise mean
velocity distribution in a turbulent boundary layer can be expressed
as a |linear combination of wall and wake components, There is
similarity between this philosophy and that of Crocco and Lees who
attempted a qualitative analysis of turbulent shear flows in which they
visualize a continuous spectrum of mixing processes having both the wake-

like and boundary-!ayer-like properties,

The laminar-|ike characteristics of both the upstream turbulent

boundary tayer and t he following turbulent shear layer suggest that

.




a generalized treatment of the coupling of these two flows may

be possible.

Holder and Gadd {18) presented a physical argument that the
initial boundary layer thickness is not an important factor in setting
the base pressure. Their argument, which is based on an inviscid
fluid analysis, yields the result that the velocity gradient normal
to the stream direction-is reduced upon passing through a sudden
expansion in the ratio of downstream pressure to the upstream
pressure, The expansion accelerates the boundary layer so that
just downstream of the corner the large shear portions of the
mixing layer are considerably thinner than the original boundary

|ayer.

The experimental information concerning the effects of the
initial boundary layer on the wake flow process covers & spectrum.
In the upper Iimit the boundary layer dominates the weke flows in
the experiments of (23} and (24), In the other class (67), the ini-
tial boundary layer is sufficiently small such that the shear layer
dominates the near-wake processes, Most experiments fall some-
where in between, i.e.,, the initial boundary |ayer measurably
affects experimental findings and must be included in any realistic

analysis of results,

The Expansion Zone

The supersonic expansion causes the flow to accelerate,
resulting in a lower static pressure, In the ebsence of the upstream
boundary layer, the final! flow field is thet resulting from a Pranti-

Meyer expansion,

The exact calculation of the expansion phenomenon is difficult
to handle because the pressure distribution assumes & constant static
pressure normal to the surface while a Prandt|.-Meyer expansion
experiences pressures which are constant along rays from the apex,
The two analytical models are not compatible, It [s undoubtedly

necessary to include the next higher order terms in the Navier-Stokes

9



equations. The unknowns in the expansion region are the radial and
tangential components of velocity and pressure. The three available
equations are the conservation of both radial and tangential momentum

and the continuity equation.

Pai (26} applied first-order corrections to the irrotational
Prandt|-Meyer flow for small vorticity of the initial stream, It was
shown that in passing the corner a parallel shearing flow is turned
into a non-paralle! flow. Roy (27) presented an integral analysis
which predicts a dimunition of the boundary layer thickness fo!low-~
ing an expansion, Korst (28) has suggested an approximate treatment

by the stream tube method,

Studying expansions over solid surfaces, Murphy and Hamitt (25)
found that for expansion angies of the order of 250, a new, thin,
boundary layer seems to start at the corner. Downstream of the
corner the original boundary layer 'ends to merge with the free
stream, This model agrees with the expansion process in the near-
wake region revealed by schlieren photographs taken during the
present investigation, Ferri has treated the solid wall expansion
problem and deals with an inviscid expansion around the corner and
treats the boundary layer downstream cof the corner as two layers.
Zakkay and Tani (29) performed the analysis and found agreement with
pressure and heat transfer experiments. The flow downstream of the
discontinuity is obtained by expanding both the supersonic and
subsonic flow fieid inviscidly around the corner. Downstream of the
discontinuity the flow is represented by a viscous shear layer which
starts at the discontinuity and a viscous outer layer which has the
inviscid profiles immediately downstream of the discontinuity as an
initial condition., The velocity and stagnation enthalpy profiles are
divided into sirips, each strip expanded isentropically around the
corner, This is justified on the ground that the region near the

wall expands very rapidly and the distances along the streamline

direction are very small and therefore the viscous effects on pressure

and velocity are negligible, In this way an extended velocity

10
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profile is obtained having a non-zero value at its lower edge. This

flow mode! is adaptable to the near.wake problem,

The Near-Wake Free Stream

Since the flow region 4 (Figure 1) results from an inviscid
expansion of a uniform flow to a higher Mach number, its properties
should be regular and of no further concern. The flow reflects the
initial geometry. Eventually this flow enters into the outer

layers of the far-wake,

The Expanded Boundary Layer Above the Lip Shock

This flow is treated as having small vorticity resulting from
the boundary |ayer-expansion process, Napolitano (30} has investigated
the turbulent mixing of a non-uniform free stream of constant vorticity
with a fluid at rest. The solutions are given in terms of the
vorticity number first suggested by Li., It was found that the effects

of external vorticity are sizable for turbulent mixing.

The lower boundary of this region occurs at the 1ip shock, The
generally accepted explanation for it is as follows (31), Ouring the
rotational expansion process a system of waves of both families is
generated. When the Mach number is greater than 2, an expansion is
reflected as an expansion into the lower layer and & compression wave
is emitted into the upper one. These shocklets coalesce to form the
1ip shock. This explanation does not seem to be consistent with the
present experimental data where the |ip shock occurs at a Mach number
of approximately 3,6, The effect of the 1ip shock on the shear layer
development has not as yet been included in the analyses. Examples
of the 1ip shock are available in the pub!ished phofographs of (23)
{30), and in Figure 1 of this report, The existence of the lip shock
tends to make the interpretation of experimental probing data, which
are already compromised by experimental imperfections, more difficult

to analyze,



The Expanded Lower Portlons of the Upstream Boundary Layer

Below the !ip shock there is a continued dimunition of the local
velocities, This makes the determination of the outer edge of the sheer
layer difficult to determine experimentally, Since there is a siight
variation of the "main stream velocity" at the lower edge of Region 5b,

this boundary is truly artificial.

The Mixing Layer Above the Dividing Streamline

Ignoring the previous!y described zones, the theoreticians have
been quite active in describing this case. The pressure, in the first
approximation, can be assumed constant. Experience indicates that the

width of the mixing zone increases |inearly with x, if x is the distance

from the point where mixing starts, Liepmann (32) presented a dimensionat

argument confirming this feature.

Momentum transfer theory requires similarity between momentum and
heat fransfer,\ Experiments show that heat spreads faster than momentum
and that this is in qualitative agreement with the vorticity transfer
theory. Since the theories of free turbulence |ink momentum and thermal
exchange with the gradients of velocity and temperature, comparison
should preferably be made with the measured gradients. The measured
velocity and temperature distributions in wakes and jets all resemble
an error-curve in form, but the results are too scattered to permit the
slopes of experimental curves to be determined with confidence. The

spreading factor o is commonly used in such correfations.

Tripp (39) and Vasiliu (40) present different correlations on the
variation of o with temperature ratio and with Mach number., An increase
is noted. The larger values of o, the spreading factor, correspond to
a smaller rate of divergence of the mixing zone. All listed vatues of ©
are based on data for jets discharging into a medium at rest and may

not be appl!icable to the present situation,

It is beyond the scope of the present discussion to describe the
various assumptions of the several theoretical analyses, Three general

modes of attack are avajlable:




.+ Crocco-Lees analyses
2. Pohlhausen integral techniques

3. Mixing layer analyses

The Crocco-Lees analyses {19) is not fundamentally different from
the Pohlhausen method (33)., The results of the Crocco-Lees method,
although ingeneral qualitative agreement with experiments, are probably
no better than those obtained much more readily by a Pohlhausen type

of caiculation,

The mixing lengths deduced by comparison with experiment are
greater than 10% of the width of the wake. This is an indication tHat
in turbulent free layers the eddy viscosity depends on overall condi-
tions and not on such local conditions as local velocity gradients,
Eddy viscosity vaiues do fall to zero not far from the edge of the
mixing region sc the mssumption of constant exchange coefficient
leads to velocity distributions which are incorrect near the edges.
However, the use of a constant exchange coefficient in turbulent flow
permits a unified treatment of‘fhe equations for taminar and turbulent
mixing. Gortier (34) reduced the turbulent incompressible mixing
equations to the Blasius problem, which is typical of incompressible
laminar dissipative flow fields which exhibit simitarity, Crane (35)
and Napolifano (36) showed thet, to a good approximation, the
turbulent, compressible. two-dimensional mixing profiles can be
obtained by taking velocity profiles "as originated by an equivalent
incompressible laminar mixing, The turbulent mixing layer analysis
of (37) is of significance, In his analysis, two-dimensional
boundary layer equations for free jet mixing with an initial boundary
layer were reduced to the heat conduction equation by means of Pai's
smal| perturbation method (38), The equations are solved in an
intrinsic coordinate system with the same initial boundary condi-
tions as for a reference system based on a corresponding jet, The
method requires a determination of two empirical quantities for the
kinematic viscosity formulation. Chapman and Korst present low
speed experiments on this problem, One quantity, the exchange
coefficient, is nearly constant; the other is a function of the

13



initial boundary layer, Baitey and Kuethe (23) demonstrated that these
|inearized theortés for jet mixing (42) do not corretate supersonic tur-
butent mixing experimental results, The second mixing coefficient shows
radically different behavior for supersonic rather than subsonic flows.

In the two-dimensional case the compressibility effect on laminar
and turbulent flow is to decrease and increase the width of the mixing
region respectively (41), For axially symmetric jets, the same holds
true for the laminar case whereas for turbulent flow the tendency is
reversed, Crane (35) showed that with turbulent mixing the influence
of compressibility on the form of the non-dimensional velocity profiles
is almost negligible., The effect of temperature differences are shown
to be rather unimportant. The latter calculations support the use of the
error-function-velocity-profile, independent of Mach number and tempera-
ture ratio, as used by Korst (28},

Knowledge of the turbulent Prandt! number is necessary before a
complete calculation of the temperature and velocity profiles may be
carried out. The common procedure is to assume a turbulent Prandti
number equaling one., Forstall and Shapiro (43) have found that the
turbutent Prandt! number and Schmidt number are both equal to 0.7
within 10%-independent of the experiment., Thus they find that the
turbutent Prandt! number and Schmidt numbers are approximately equal,
and that mass and temperature diffuse at equal rates, a rate greater
than the diffusion of momentum. Corrsin (44} found that the average
of an effective turbulent Prandt! number in a round jet is equa! to
the taminar value within the probable accuracy of his experiment,
Bailey and Kuethe (23) inferred the existence of a turbulent Prandt!
number which is less than unity from supersonic mixing of Jets in
turbulent boundary layers, That the effective turbulent Prandtl
number might possibly be the same as the laminar Prandt! number was
apparently first suggested by Dryden (45}, though not with any particu-
lar physical justification,

The thermal solution of the incompressible laminar near-wake problem
has been given by Chapman (46) for several Prandt! numbers, 'In view of
Gortler®'s reduction, the discussion above suggests a Prandt! number

correction based on the laminar incompressible results may be applied to
the turbulent case. Another possible alternative is the work of Spence

(47), which is an extension of Mager's formulation (48) as applied to
free mixing problems (49}, which may be used to generalize the problem
when the turbulent Prandt! number is not equal to one.
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The lower boundary of this region occurs at the main dividing
streamline by which the reverse flow region is isolated from the main
flow. The concept of the dividing streamline has been used extensively
theoretically and has received verification by Tani (50), whose experi-
ments show that the dividing streamline followsclosely to the points of

inflection of the velocity profiles even through the recompression region,

The Mixing Layer Below the Dividing Streamiine

Nothing new of a theoretical nature appears in the treatment of this
region, as distinguished from Region 6b. The region is difficult to
study experimentally because of the diminished streamwise component of
velocity and the increase in the transverse component as one penetrates
further into the mixing layer. As a result probing errors are
admittedly large in this region and techniques such as the interfero-

metric studies of Reference (51) are to be preferred,

The Reverse-Flow Region

A fundamental question concerning the flow in this region concerns

the stability of the flow and its temperature distribution,

As mentioned previously, the Mach numbers In this region can
reach as high as 0.6 in a direction opposite that of the main flow,
Forthmann (52) measured the characteristics of the reverse flow profile
in a partially expanding subsonic jet which have the same generai

characteristics as the present case,

Carlson's analysis (53) of the wake flow problem is unique in that
the integral method is carried out across both the "dead-air region" and
the mixing layer, and takes into account the reverse flow in the
recirculation zone. His solution, however, does not apply to the near-

wake problem,

Lin (54) has presented an elegant analysis concerned with the effect
of viscous forces upon the vortex sireets in the wake of blunt bodies
using an improved Oseen approximation, He introduces additional linear-
ization valid for vortices not too close to the generating body which
enables him to solve for the steady wake velocity distributions,
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The ratio of the Strouhal and Reynolds numbers is the basic parameter

governing the structure of wakes with periodic vortices.

Using Batchelor®s concepts on free convection, Squire (55) suggests
treating this vortical motion as a "core"™ with constant vorticity
surrounded by a boundary layer. The cavity motion is maintained by shear

stresses along the dividing streamline. In the core viscous effects are

small, although viscosity is responsible for the development of the

motion. The vorticity is taken to be constant along streamlines and
viscous effects are absent, The total pressure is constant along
stream! ines within the core. He argues that the vorticity will tend

to be constant in the core due to the residual action of viscosity.
Since viscosity tends to destroy vorticity gradients, the constant core
viscosity assumption may not be true in the physical case since the
mixing region Is turbulent, The core streamlines may cross into the
turbulent mixing zone. Each stream!ine may have constant vorticity in

the core but the vorticity is not uniform throughout the core.

’ Lam (56) has shown that the pertinent parameter for closed stream-

line problems is the Peclet number,
Pe = Pr Re,

For Pe = O the problem is one of pure heat conduction Qp For PeDO,
in steady flow, the heat transfer through the region without dissipation
is always higher than Q,+ At large Peclet numbers, Lam infers that a
boundary layer type of solution develops outside of the core. Based
on conditions along this dividing streamline, typical vailues of the

Pectet number for the present experiments are |06.

There are certain laminar boundary layer solutions called "lower-
branch" solutions which resemblie the profiles of the recirculation zone
as they have a region of reverse flow near the wall, Stewartson (57)
first drew attention to the possible use of these solutions as represent-

ative of flow in a separated region.

Abramovich (58) presented an inviscid compressible flow mode! which
contains many features which are similar to those of viscous flow, in

particular, a region where the flow is reversed. The "reentrant Jet"
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mode! has been widely proplsed for explaining the cavity behind the
flat plate or other obstacles in the infinite stream. The back of the
cavity is supposed to end in a reentrant jet which disappears on
another sheet of the "Riemann surface" representing the physical
plane. This approach is discussed at great length in Reference (59]).

Wall-jet analysis, as exemplified by References (60) and (61) also
may be applied.

The Base R

ik RS

.
atnn
g

There is still some uncertainty as to the existence of secondary
"roller-bearing vortices" in the region of the wall., It is difficult’
to sketch the flow pattern in this region without including them when
the walls and planes of symmetry have sharp corners. The exact shape

of the wall has only been accounted for by Carlison (53) for the |aminar
case, Reference [62) presents heat transfer data reves!ing higher heat
transfer measured in the center of a base as compared with the rim of
an axisymmetric body. In the rear stagnation region the heat transfer
coefficients are much lower than the maximum values on the front of a
biunt body (63)., In genera!, laminar separated heat transfer values
are only about 2/3 of the equivalent solid surface values, where the

turbutent fraction varies from |/4 to 2/3,

Richardson (64) hes presented a heat transfer prediction of the
subsonic problem based on physical arguments and analogies., He relates
the flow behind & transverse cylinder to some paradoxical flows in free
and forced convection., At low Rayleigh and Reynolds numbers the develop-
ment of these flows is associated with critical values of these numbers.
At high Rayleigh and Reynolds numbers these flows exhibit mutually
similar heat transfer characteristics. He advances the hypothesis that
the local Nusselt number may be found by the same method as that for
the horizontal flat plate and rotating cylinder using the local critical
Reynolds number, The hypothesis predicts that, for the case of a bluff
flat plate, the highest local heat transfer coefficient occurs at the

rear stagnation point and falls slightly toward the edges. One free
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constant is left for experimental evaluation, The form of this heat
transfer prediction Is

:Nu = constant Re2/3

The two means of experimental verification of the Richardson retlation
involve the leading constant and the exponent of the Reynolds number.
Subsonic experiments (65) confirm the power. The supersonic data of
Larson (66), although influenced by geometrical recompression effects,

also support the 2/3 exponent.

The collected trends indicate that the heat transfer is higher along
the center portions of the base, falling off very slowly as one progresses
outward. This agrees qualitatively with the laminar stagnation point
region heat transfer variations, It seems reasonable to conclude that
the heat transfer process is governed by the recirculation zone processes.
Where time-averaged, these may be comparable in the subsonic and super-
sonic cases, thius rendering the Richardson analogy more patatable to the

supersonic experimentalist,

The Wall or Plane of Symmetry Boundary

The fypeﬂof'boundary conditions along the horizontal surface is
importance for the mixing layer analyses although the existence of the
recircutation zone violates the asymptotic nature of the mixing layer
theories, On the average, symmetry prevaiis if this boundary is a free
surface. This condition illustrates the basic difference in the flow
pattern between the near-wake problem and a gap or rearward facing step.
No analysis illustrating the results of the differences in these boundary

conditions is avaitable,

The Recompression Region

. _The examination of the available base pressure data is frustrating
due to factors such as sting effects, the presence of wings and fins,
boat-tailing, mass addition, etc. Unifying principles have been advanced

by Chapman (67) and Korst (28),




The wake pressure is found from a mass balance which takes into
account the pumping action due to the mixing process. Love (70) has
offered a simple, semi-empirical method for estimating base pressure
which sfemé from an analogy established between the base pressure
phenomenon and the peak-pressure-rise associated with the separation
of the boundery layer. These estimates give fair predictions of ex-
perimental results, Charwat (68) has offered a hypothesis for the ob-
servéd base pressure increase with increased Reynolds number.
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¢onforms conceptually with experimental evidence., The base pressure

variations with Reynolds number also agree qualitatively with the

theoretical predictions of Crocco and Lees throughout wake transition (69),

* ‘Both Korst and Chapman assume that the total pressure on the divid-’

ing streamline approaching reattachment is equal to the static pressure
downstream {in the far_wake). Chapman (laminar mixing) assumed
isentropic recompression for both the viscous region and the free stream.
Korst (turbulent mixing) used an oblique shock to specify the recom-
pression pressure, Each assumption seems appropriate to its case of

application.

The compression is approximately isentropic along the dividing
streaml ine through the recompression zone. If one includes the case
where the boundary layer thickness is sizable, the calculation of the
velocity along the dividing streamline is complex since similarity is
not -present,  Since the correlations of Korst and Chapman compare
favorably with the experimenta! data for base pressure, the expected

variations of the dividing streamline velocity are not large.

In our opinion, the Korst turbulent base pressure theory, which is
based on more than the usual number of first-order approximations and
other assumptions typical of turbulent boundary layer theory, is more

accurate than originatly expected,

Far Wake

The rear stagnation point occurs one or two diameters from the base,

The diameter of the neck is approximately the body radius., References
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(71}, (72}, and (73) have described the flow processes in the far.wake,
which begin at the neck below the trafling shock. Only the fluid ele-
ments above the dividing streamline pass into the far-wake, The typical
velocity exceeds 60% of the main flow velocity outside of the free shear
layer. The enthalpy in this region is about 90% of the total enthalpy
outside the wake if the body surface is insulated. Thus a hot core of
fiuid is generated in the Inner wake which cools off downstream of the
neck. requiring an inner and outer, two fluid, system similar to that

proposed above,

2.2.3 Discussion of Korst Analysis

The Korst analysis was studied to determine its applicability in
predicting base pressures and heating rates for the conditions of the
present experiments., The concept of the theoretical model employed by
Korst, Chow, and Zumwalt (28) includes the interaction between nearly
isentropic flow regimes and dissipative regions (see Figure 2). Their
analysis is restricted to two-dimensional, constant-pressure mixing and

is attacked by an integral technique.

"In contrast to the important influence of a wall in turbulent
boundary layer flows, free turbulent flows (not confined by solid walls)
are more amenable to analysis, Here turbulent friction everywhere
dominates laminar friction to such an extent that the latter (and its

associated mathematical complications) is omitted completely.

As in the case of laminar wake flows, free turbulent flow possesses
qualities of a boundary layer nature and are studied with the aid of the
boundary layer equations. For constant-pressure, steady, two-dimensional

mixing, these are:

- du du, _ 3
plu = tV a—y-) = 3 (Tf) {1
“3alpu) + 3(pv) =0 (2)
X oy

where 7, denotes the turbulent shearing stress. To solve the system, it
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is necessary to express the turbulent shearing stress in terms of the
main flow, This has been done empirically by Prandt! who stated that

for free turbulent layers

- - , =5 J0 _ = - du
T xy Ty T - putv' pé'dy = pCh (umax = Ynin ) dy (3

Here C denotes a dimensionless number to be determined experimentally
and § is the height of the mixing layer, Implicit in this equation is
the assumption that the scale of the lumps of fluid which move in a
transverse direction during turbulent mixing is of the same order of

magnitude as the height of the mixing zone,

The application of the boundary layer equations is not restricted
to regions near a solid wall, They can be applied to any layer in which
the influence of friction dominates, such as in the wake behind a body
or when a fluid is discharged through an orifice. Considering the wake

case, Pai made the assumption that the velocity difference in the wake

Gﬂ (x,y) = U, - U (x,y) (4)

is small compared to U2a so that quadratic and higher terms in ug may
be neglected. For constant pressure mixing, the momentum equation is
then linearized by use of the smal! perturbation method proposed by
Pai (38) to yield

- 2~
du 37y

-—ﬁ’= C, x L (5)
dx ! 2
oy

where the quadratic terms in GL and QQ have been omitted, ~—~ . =~ = -

N VA T oy [N

At x = 0, the velocity is zero for negative y's, is equal to the

free-stream velocity Usy for y>62.

Taking § = x/62, ﬂp = |/2V§— , the general solution of this

| inear problem is

- il 2
= 4 - L [‘ + f (N )]+ L £ DB\ ,-B B {6)
CP Ysa 2 = %2 F N-T) (1\62 )e
~1s2
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~ The inclusion of the upstream boundary layer does not permlt general!
fesuf*s to be expressed, A more‘expanded treatment has been given by
Korst in Reference (37), Restricting the present discussion to no

initial boundary layers, T} = 0 y/x, and we obtain Gortler's first approxi-
mation solution (34},

@ = G’ = % (I + erf 'n) N

u2a

“where o is the empirical spreading factor.

For a turbulent Prandt!| number of one, the velocity profile can
be retated to the temperature profile by utillzing Crocco's integral of

the energy equation such that the total temperature profile is given by

T T T
0 B _ ( B )
A== == + .o = (8)
ToZa To2a To2a (P

Thus T = Tlu), curves of constant velocity are identical with the isotherms.

For constant pressure mixing of a perfect gas, the Crocco number (C = G/umax

’is convenient to use since the analysis and results all become indepen-

dent of specific heat ratio y. The density ratio Is given by

g v u_,
(with = —},
witn g« ok

N 202
Poa T M-S 0
p T. 2

2a 1 - C2a

(9)

Energy Balance

Korst®s turbulent energy balance, with no upstream boundary {ayer,

is as follows: (refer to Figure 2)
R
energy added at xo f J’ p2§u2acpTo2a dy {110}
R
-energy feaving at x =!’ chstdyr

J
Vg
~energy added by added mass = AJ chpTde
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= energy added to dead zone from the shear layer, Q

B'
y R
) o T.d T & Gc T d tn
+ = - +
QB I pucp gdY pucp(Toa o)dy ¢{ pucp oY
Y5 Vg j
where the integral limits are shown on Figure 2 and R represents an

arbitrary value of y in the inviscid flow,

It is here that Korst justifies the concept of a “dead air® region
in dealing with the dynamic aspects of the two-dimensional base pressure
and base temperature problem. He states that for studying the mechantism
of the wake flow itself, as Carlson (53) did, such assumptions must be

discarded as trivial,

R R
Since f p2au26dy = / pudy, assuming x-momentum conservation,
o Yq
g + mig =18 (12)
using the Korst notation. Since 3/2
(s ][T !
A = e = ( x:—) t13)
Hy 2t
8 To2aPo2a R Y
. _J o2e / To2s Y-t g (14
Hs HP 2y |
o02a
Thens * 3/2
Q T
- B8 ._‘. (L‘) = A .._B. (15)
%= 7 Hv'="‘T V 2R Y, s~ H Toa
c2a o2a

is the energy added to the mixing layer from sources other than the
added mass m, where H is the reference length taken here to be the
half base height, H is related to the wake slant length X by the
relation

H=X S!neza {16}

Korst has demonstrated the generalized presentation XB VS, HB
for an approach Mach number of 2,0 and a simple rearward-facing step.
The calculation has been repeated for an approach Mach number of 3.0,

paralleling the present experiment (Figure 3), Equation 15 was used to
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subtract the energy rate of the added mass from the total rate of energy
added to the wake from the outside flow (all energy rates are per unit
wake width), This was done in order to obtain an energy rate analogous
to the heat transferred by conduction at the wall in an attached boundary
layer case. The resulting presentation is shown as Figure 4, It is

seen that when the base temperature is equal to the freestream stagnation
temperature, no energy flows from the shear layer into the dead zone

(QB = 0), irrespective of mass addition. The unexpected result is that
for a fixed base temperature ratio, TB/TO, QB increases with m, instead
of decreasing, The latter situation occurs in boundary layer flow with
mass addition at the surface (but at constant pressure). However, mass
addition produces an increase in base pressure rafio-PB/P' as shown in
Figure 5. If the base pressure is held constant at its zero-mass-
addition-value, i.e., by decreasing the tunnel total! pressure in an
experimental study, the dimensionless heat flux increases shown in Figure 6
are shown to decrease l(see Figure 7). The dominant effect of mass addi-
tion is to increase the base heat flux by Increasing the base pressure

despite the presence of the thicker thermal layers normally generated by

mass addition.

On Figures 3 - 7, adiabatic flow conditions were assumed from the
tunnel stagnation chamber to the outer edge of the shear layer. There-

fore, T°a = T026 = To = tunnel stagnation temperature,
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3. EXPERIMENTAL EQUIPMENT AND TECHNIQUES

3.1 Discussidon of Test Facilities

The early experiments were conducted in channel 4 of the main con-
tinuous flow facility. To obtain the best possible experimental
environment for continuation of the base flow program, the final tests
were made in the supersonic channel of the propulsion research laboratory.
Because of its remoteness from the main continuous flow facility, the
propulsion research building is free of all vibrations emanating from
the compressors and vacuum pumps and lends itself nicely to measurements

requiring considerable precision.

The basic facility consists of a 6-in., x 9-in, supersonic channel
and variable diffuser with an isolated control room and laboratory space.
This channel utilizes the compressors, exhausters, and heaters of the
continuous wind tunnel facility and was designed to handie stagnation

pressures up to 110 psig.

The compressor installation consists of five parallel-connected,
electrically-driven, reciprocating two-stage air compressors. Four are
Ingersol l-Rand 700 hp compressors and the fifth is a Chicago pneumatic
1000 hp unit, The compressors pump into five buffer tanks from which
the air for the tunnel operation is drawn., The air can be delivered
at a maximum continuous rate of 23,2 pounds per second at a 110 psig

which is equivalent to 17000 cfm of free air.

The exhauster system consists of seven Allis-Chalmers rotary vane
pumps driven by four 250 hp motors. Two pumps are rated at 2270 cfm
each, four at 2680 cfm each and one at 3390 cfm., Three electric motors
drive two pumps each and the fourth motor drives the 3390 cfm pump.

The pumps may be operated in various combinations to provide the

necessary air flow and pressure level,

Figure Ba is an overall view of the test set-up in the wind tunnel

room and Figure 8b shows the control room,
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3,2 Model Design

3.2.1 General

The final mode! shape and size chosen for these experiments was the
result of several compromises, The initial requirement was a two-
dimensional, channel-spanning mode! of adequate height to house interna!
cooling lines and instrumentation leads, and provide the larges possible
test region for ease of probing in the recirculation zone. In addition,
the mode! had to be sufficiently long to allow the necessary wetted
length required for natural transition to turbulent flow before separa-
tion without the necessity of using excessive stagnation pressures.
Opposing these requirements were the possibility of tunnel choking
because of the blockage area of the model and impingement of reflected

shock waves from the mode! nose with the base region.

It was felt that a sharp leading edge with a gradual taper to the
rear of the model would enhance the possibilities of natural trensition
and move the shockwave intersection with the nozzle blocks downstream
as far as possible., The shape chosen for the mode! contour was a 3.8/
caliber tangent-ogive with a straight extension. The base height wes
1.5 inches and the mode! was 8,19-in. long. Figure 9a is & design
drawing of the mode! forebody and Figure 9b shows the forebody attached

to the steel mounting window,

Separate bases and afterbody components were used for the heat
transfer and probing runs. Greater preceutions were taken in minimiz-
ing conduction errors with the heat transfer base., The base used during

most of the probing run had additional pressure taps.

3.2.2 Heat Transfer Base

The heat transfer base was made of pure nickel 0,0185 inch thick,
Copper-constantan thermocouples and pressure taps were imbedded in the
base at selected locations, Figure 10 illustrates the location of the

complete instrumentation on the base and forebody.

The base and coolant passages were housed in a micarta afterbody
to thermally isolate the base from the mode! and increase the reiliability

of the heat transfer data,
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A steel cover plate was installed on the bottom to provide access
into the model, After the plate was screwed into position, the cover
plate and the forebody were ground into a smooth contour to prevent any

disturbances to the fiow, The disassembled mode! js shown as Figure |1,

Although the micarta afterbcdy effectively isolated the base from
the forebody, the possibility of conduction effects on the base itself
had to be considered, Bench tests of a small test sample showed that
slots !4 miles wide, filled with Armstrong cement, formed an effective
barrier to conduction heat transfer. Based on these experiments, the
thermocouples on the base plate were insulated by means of the cement-
filled slots shown in Figure 12, The slots had not yet been filled
with cement at the time the photograph was taken, The fthermocouples
appear as smail light colored dots in the photograph. The vertical
slots were added to minimize horizmtal transfer of heat across the
base plate because of conduction through the brass pressure-tap

extensions.,

3.2.3 Pressure and Probing Base

In the early experiments difficulty was encountered in preventing
small amounts of air leakage from inside the base plate into the
recirculation zone, It was found during the present experiments that
smai| amounts of air bleed can appreciably affect the base pressures,
This problem was solved with the heat transfer base but it was felt that
a more positive seal between the interior of the model and the recircula-
tion zone was required. A new base plate was built which eliminated the
possibility of air leakage, This base plate was also of pure nickel
0.0185 inch thick and had additional static pressure taps in the vertical
direction as well| as at some of the previous positions (refer to Figure
13}, Thermocouples on the plate and provisions for internal cooling
were retained., Figure l4a shows a rear view of the base plate and

Figure 14b shows two views of the cool ing chamber,

3.3 Heat Transfer Measurement Technique

The transient technique was used to obtain base heat transfer values,

In this method the mode! is initfally at a temperature below the equilib-
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rium wall temperature, The flow is started and the connective heat trans-
fer process tends to bring the wail temperature up to an equilibrium

value,

The use of the transient technique to measure heat transfer applicable
to steady state conditions requires assumpticn of a quasi-stationary
process. At each instant in time the heat transfer rate is assumed to be
equal to that which wou!d exist for steady state conditions identical
to those which exist at that instant. This assumption has been studied
by Sparrow and Gregg (76), who analyzed the case of a semi-infinite
flat plate with arbitrary variation of surface temperature with time.

Using their results it can te shown for the present case that the error

introduced by the quasi-steady assumption is negligible.

Initially neglecting heat conduction through the model skin and
radiation effects, the rate at which heat is transferred from the boundary
layer at any point on the mode! surface may be equated to the heat stored

at the same !ocation, or

4 dA = -Wc_ dVdT, /do (7

Using the Newtonian heat flow equation

4 = hiT T (e

and combining with equation (i}, we obtain
=W c_dV/dAdT, /do
p b

h o= (19}
T = Tr

The heat transfer coefficient can then be obtained by measuring the
instantaneous wall temperature and rate of wall temperature change. A
constant density can usually be used which is evaluated at the wall
temperature. The wall recovery temperature can either be calculated or

measured as a function of the tunne! total temperature,

Simulation of the proper direction of heat transfer requires that the
mode! be at a temperature below recovery temperature., This can be

accompl ished by precoc!ing the mode! and using ambient temperature tunnel
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air, For these tests internal cooling lines were installed inside
the mode! to bring the base docwn to -320°F a* the start of the run.
A shield was placed behind the mode! to retard aerodynamic heating

until proper flow had been established in the tunnel,

For the trensient technique of heat transfer measurements, the
skin thickness is a major governing factor. For a given heating rate,
if the skin is too thin the time rate of change of the element tempera-
ture may be beyond the response limitations of the temperature
recorders, On the other haend, if the skin is too thick, the assump-
tions made in using the transient heat transfer technique are not

valid, as equation (!7) assumes a zero temperature gradient normal
to the skin.

Past experience has shown that the maximum permissible rate of

A oannin o b
[] c‘mpcs L™

re change would bhe 100°F/sec based on recorder response and
data reduction procedures. From data of Naysmith (77), who measured
heat transfer on and around a rearward facing step, a preliminary

value of the heat transfer coefficient was obtained, His flow field
was not exactly the same, but, as his data were in the same Mach number
and Reyno!ds number range, his values were close enough for design
purposes, Solving equation (19} for dV/dA and realizing that dV/DA =
fbdA/dA = fb and inserting the proper values, a wall thickness !ower
Vimit of 0,006 inch was obtained. As this was too smatt for

structural integrity, a thickness of 0.018% inch was chosen. Previous

calculations have shown that this thickness is below the minimum

required so as not to violate the assumption of constant temperature

through the skin. The calculated and measured temperature response

rates for this thickness were of the order of 30°/sec.
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4. SUMMARY OF EXPERIMENTS PERFORMED

4.1 The Establishment of Undisturbed Turbulent Base Flow

4.1.1 General

The establishment of a proper flow situation and definition of a
suitable control region which defined the boundaries of the recircule-
tion zone were the most important aims of the early experiments, A
"clean" flow, undisturbed by interactions between the near wake and
reflected nose shockwave, were essential, Consideration was given to
the existence of any three-dimensional flow perturbations which would
detract from the desired two-dimensional situation. The model! had to
be sufficiently thick to allow a reasonable test region for probing
purposes, and long enough to allow transition on the model! with resulting
turbutent flow in the base region. It was feared that the latter two
requirements could cause flow blockage and serious shock wave-wake
interactions. Details of the wake starting process and knowledge of the

Reynolds number required to give turbulent flow were desired.

The above problems were studied using several opticel techniques
and pressure measurements. The following is a discussion of the pre-
liminary experiments carried out to add validity to the assumed flow
model .

Tove i oot o7 Umdiarurhes Tl ot Sra Flov

4,1.2 Blockage Runs

Several preliminary tests were carried out to insure that the wind
tunnel selected for these tests would run properly over the desired range
of Reynolds numbers and to provide visual assurance that the correct flow
field was established. These tests were very informative and the results

were used as a basis for the heat transfer and probing runs,

For these runs a mode! |0-inches long with a 1,5-inch base height

was sting mounted in the position where the final heat transfer model would

be installed (Figure 15), Theoretical calculations showed that this size
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should be well below the blocking area for Mach number 3, This was
verified as the tunne! ran nicely with the mode! installed and no
blocking tendencies occurred. Schliieren and shadowgraph viewing of this
mode! provided such information as location of reflected nose shock wave
with respect to wake, transition location, and mode! flow blocking

characteristics.

Schiieren observation of the flow around the base region showed
that the 3/4-in., diameter sting was very influential in determining
the wake flow geometry, as were the reflections of the nose shock off
the tunnel wall, Figure 16a is a schlieren photograph showing improper
wake flow as a result of these combined effects, The schlieren
photographs showed that it would be of interest to be able to examine
the entire flow field about the model. Plexiglas windows of large
enough diameter to allow visualization of the entire mode! and adjacent
wake flow field were installed in the tunnei. Subsequeni tests using

this technique resulted in shadowgraph flow pictures such as Figure 16b,

In an attempt to improve flow conditions in the wake, one inch was
cut off the rear of the modei and it was cantilever mounted to one of
the Plexiglas windows to allow removal of the sting, A view of this
installation is shown as Figure |7, These efforts resulted in proper

wake flow over the entire Reynolds number range (see Figure 18),

4,1.3 The Development of Proper Wake Flow

In the starting process described by Chapman (78), the final
equitibrium conditions are obtained when a balance is reached between
the scavenged mass flow and the reversed mass flow., According to the
theory of Crocco and Lees (19), disturbances inserted into the flow
downstream of the wake throat would not influence the wake flow, They
state that any disturbances upstream of the wake throat would influence
the flow and would create higher base pressures, A measure of this
phenomenon is the minimum disturbance length. Van Hise (69) found
disturbance length by two methods. One was the insertion of a probe
downstream and gradual movement forward until disturbances were noted,

The other was by extending the straight portion of the trailing shock
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waves on sch!ieren photographs and measuring the distance from their

intersection to the base. This latter method was used for the present data.

A1l measurements made during the firs? phase were for the case of
a smooth mode! surface, It was found that to get fully turbulent flow in
the wake a Reynolds number of the order of 4,0 x IO6 was required. For
further assurance, the majority of the data were taken at a Reynolds
number of 6.7 x 106. When the experiments were resumed in the new
installation it was diséovered that sand blasting had roughened the
surface to such an extent that conditions of the early experiments could
be duplicated at a lower Reynolds number (2,75 x 106). Disturbance length
data for the model in a roughened condition are presented as Figure 19
and shown for comparison are the data of Van Hise taken over the transiticn-
al regime. It can be seen that it fairs nicely into the rough surface data

which are mostly turbulent and only partially transitional,

The criteria of the starting process are more severe than when flow
is fully established. During the initial phases of the starting process
the wake throat is lecated downstream past its equilibrium position.
Because of the scavenging effect of the shear layers on the air contained
in the circulation zone, portions of this dead air are transported down-
stream. This causes a drop in base pressure which effectively creates a
larger Prandti-Meyer expansion angle. The larger angle of turning increases
the velocitlies in the shear tayers, which in turn increases the scavenging
action and lowers the base pressure even further, The final base pressure
obtained is @ function of the balances between the mass flow scavenged
from the recirculation zone and the mass flow reversed because of the
adverse downstream pressure gradient. As the throat moves closer to the
base, the angle of the trailing shock wave increases, This increase in
back pressure makes 1t more difficult for the scavenged air to proceed
downstream, Equilibrium is reached when the scavenging action is exactly
balanced by the reversing action (Figure 20). Disturbances created by
the presence of a probe or shock wave are sometimes strong enough to
prevent passage of this excess mass out of the '"dead air" region and the

base. pressure does not reach its proper equitibrium value,
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The wake starting process is in some ways analogous to the )
starting process of a supersonic wind tunnel. To swallow the normal
shock wave it is necessary to open the downstream throat to some
value depending on the test section Mach number and size. After the
additional mass created by the movement of the shock wave has passed
downstream of the throat it is possible to close the throat down to a
size which approaches the first throat size. An analogous situation
exists in the base flow starting process. In order to lower the base
pressure, the excess mass in the dead air region has toc be scavenged
and passed downstream, Once the wake has closed, the effects of various

disturbances are not as readily sensed.

With the early probe holder configuration it was found that the
presence of the probe anywhere in the wake region during the starting
process had such a strong influence on the flow field that proper wake
flow could not be established. Fiagure 2la is a schiieren photoagraph
showing base flow not established because of the presence of the probe,
It was usually necessary to move the probe holder above an imaginary
horizontal line extending from the upper surface of the model into the
wake region., At a certain critical position the wake flow would
establish and it was then possible to move the probe down into the
recirculation region, The probe could then be moved into practiailly
any position in the shear layers or recirculation zone without
disturbing the flow to any large extent. This was proven by schlieren
observations and the base pressure data, With the improved probe
holder configuration (see Appendix), disturbances near the wake throat
were reduced and shockwaves from the probe were minimized to such an
extent that flow could be established and maintained with the probe in
any desired position. Figure 2Ib is a schlieren photograph showing

undisturbed base flow with the improved probing configuration,

4,1.4 Flow Visualization

4,',4.1 Spark Schiieren Photography

A series of runs were made in which the tunnel unit Reynolds number
was changed by varying the stagnation pressure from 30 in., Hga to 130 in.
Hga. Base pressure measurements were made and sch!ieren photographs
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(Figure 22) of one power magnification were taken over this range for

increments in stagnation pressure of 10 in, Hga.

4,1,4,2 Fastax Schiieren Photography

High 'speed Fastax pictures were taken at a film speed of 3500 frames
peﬁ;eccndfo determine the existence of any possible flow fluctuations
and to view the starting process in more detail. In addition, black and
white and ‘color schlieren movies were taken at asliower fiim speed of

32 frames per second using a Bolex motor driven camera,

The wake starting process is shown clearly on 9 frames taken from
the Fastax movies over a 40 millisecond time period (Figure 23). These
frames show that wake flow is fully established approximately 15-20
millideconds after supersonic flow exists at the forebody shoulder.
Viewing of the complete movie shows no indication of flow fluctuation,
No evidence of wake "breathing" as reported for cavities in Reference |2
can be seen and it is felt that once wake flow is established, the flow

boundaries remain unchanged with time.

4,1.4.3 Microschlieren Photography

An 8.power magnifying schlieren system was installed to obtain
additional information regarding localized portions of the flow field.
Figure 24a shows the microschlieren equipment instalied for the magnified
flow visualization and Figure 24b shows the locations at which the micro-
schlieren photographs were taken., Several! photographs were taken at
various locations in the boundary layer and sheer layers. Figure 24c
shows a microschlieren photograph of the flow separating from the model,
Figure 24d is a photograph of the wake throat region, and Figure 24e

shows an enlarged view of the boundary layer on the model.

‘ 4,1.4.4 0il Streakline Photography

Normai|y the runs were made by bassing the tunne! air through an
upstream filter in the air supply system, This was done to filter out
oil and dust particles contained in the flow, On one of the preliminary
runs the air filters were not used. After running for about 1/2 hour,
the oil accumulations started coming down the tunnel, and finally reached
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the windows of the test section., The oil lines then traced paths on

the windows representative of the actual flow streamlines. The effects
of the Prandt!-Meyer expansion over the base can be seen and observation
of the flow in the wake shows several of the streamlines reversing into
the recirculation zone., Figure 25 shows the oil streaklines in the base
region. An interesting phenomenon can be seen occurring siightty up-
stream of the downstream shock waves, Regions of double reversals in
the flow direction can be seen in the flow between the |ip shock wave
and the shear layers. No explanation can be presented for these rever-
sals, It must be realized, however, that flow patterns on the windows
can be influenced by disturbances which are not felt in the two-dimen-

siona! portion of the flow,

4,1.4,5 Color Schiieren Photography

During one of the runs the usual knife edge assembly was replaced
by a series of colored filters and the mercury light source was replaced
by a zircon white-light source, Examination of the color schlieren
photographs showed details not visible using oridinary black and white
techniques., It is felt that much useful information can be obtained
using color schiieren although the exposures have to be of much longer
duration (approximately 1/25 sec. as compared to 10 u sec), which can

reduce the sharpness,

4,1.%5 Boundary Layer Méasurements

Simultaneous probings of total temperature and impact pressure were
made on the upper surface of the model to determine the condition of the
separating boundary layer and to perfect the probing techniques, These
probings were made adjacent to the lateral ray of static pressure taps
using the probe shown in Figures A5 and A6 of the Appendix and the
traversing mechanism described in Section 4.,3.,2. This information,
combined with the static pressure readings obtained from the surface taps,
was sufficient to obtain enthalpy and velocity profiles through the

boundary layer.
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Figure 26a shows the uncorrected tota! temperature variation
through the boundary layer and Figure 26b presents data corrected for

Reynolds number effect (see Appendix)., The plo? shows the familiar

nethalpy bump" which is characteristic of boundary layer flows with the

wall at recovery temperature,

The determination of local values of Mach number through the boundary
layer was made using the Reayleigh pitot tube equation along with measure-
menfs of lmpan pressure (Figure 27a) and surface static pressure. Figure
27b shows ‘the Mach number variation through the boundary layer, The Mach
number a? ?he edge of the boundary layer (2,95) agrees with the value
calcullfed by fakrng into account the total pressure loss across the
mode! nose shock wave with a free stream Mach number of 3., Normalized
velocity data calculated from the Mach number distribution followed a
1/7 power law, which is characteristic of a turbulent boundary layer.

See also Section 4,3.3.3 where it is shown that the rate of spreading of
the shear layer is !inear, which is consistent with turbulent mixing layer

theoryﬁﬁz

"H4.1.6 Twe=Dimensiéral Flow Considerations-

 The static pressuré taps placed along the upper surface and base of
the mode| (see Figure 10} were used to aid in the determination of the
extént of two-dimensional flow over the rear of the model. Plots of
these static pressure distributions were examined to detect any disturb-

ances that weuld detract from the two-dimensional character of the flow.,

Chapman, Kuehn and Larson (67) used static pressure measurements fo
show that for two-dimensiona! channel-spanning models at Mach numbers
above 2,3 the flow was essentially two-dimensional over the middle portion
of" thé model. They also found that with or without end plates the static
pressure distributions did not change. Ofl film methods were also used

to aid ‘in determination of the two-dimensional flow region,

'On'FéarWard-facing step models Ginou (79) found evidence of three-
dimensional flow, He made these three-dimensional flow perturbations

visible by use of an azobenzene technique, The perturbations were noticed
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particularly in the transitiona! flow regime and in earlier work he
also observed evidence of three-dimensional flow perturbations in

turbutent flow using an oil film on the surface downstream of the step.

Czarnecki and Schueller (80) investigated interaction effects
arising from side wall boundary layers in supersonic wind tunnel tests
on airfoils, They found that these disturbances would spread to a
considerable distance from the tunnel wall, particularly on surfaces
where the Mach number approaches unity, These disturbances propogated
from the juncture between the mode! and tunnel wall along a wave in-
clined at an angle slightly greater than the Mach angle for the local
stream, They found also that the magnitude of the pressure disturb-
ances depends to a large extent on the ratio of maximum model thickness
to tunnel wall boundary layer thickness. When the mode! is large

compared to the boundery layer thickness the magnitude of the disturb-

ances may be relatively small,

From data of Dorrance (8!) it was calculated that the disturbance
lines arising from the edges of the nose of the model! would divide the
mode! surface area such that approximately 60% of the model surface
could be considered as under two-dimensiona! flow conditions, This
predicts that a |-inch section of the mode! base would be two-dimen.
sional, Czarnecki's criterion indicates that only the middlie one-half
inch would be under two-dimensional flow conditions. According to our
measurements both of these estimates would appear to be quite conserva-
tive., The static pressure date showed that at least the middle one-~third
of the model was in two-dimensional flow. It is felt that in the region
where the heat transfer data were taken the flow was definitely two-
dimensional (Figure 9), The heat transfer data tend to confirm this

observation.

4,2 Base Pressure Measurements

4,2,1 General

The base pressure measurements were taken not only-to obtain-their

variation over the Reynolds number range but also to detect the Reynolds
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number at which fully turbulent flow was occurring in the base region. In
addition, these readings were continuous!y monitored during the probing
runs to determine whether the probes were disturbing the recirculation

zone flow process,

Puring the early runs the base pressures were meadsured on a mercury
manometer board but, to obtain greater accuracy, all final runs were made
using-a 9-foot silicone oil board (Figure 28), This increased the
reading accuracy by an order of magnitude and resulted in a considerable

improvement in the reproducibility of the measurements,

All base pressure data are presented in the form of ratio of base
pressure to mode! surface static pressure as a function of Reynolds
number, which is evaluated at conditions exisfing at the outer edge of
the boundary layer at the rear of the mode!. At this location the Mach
number is 2,95 and the wetted distance, s, is 8.19 inches. The tunnel

unit Reynolds number was varied by changing the stagnation pressure.

4,2,2 Veriation of Base Pressure With Reynolds Number

' .‘The data obtained during the present investigation are compared with
ofherﬂavailable data for comparable shapes and nearly equal Mach numbers
in Figure 29. Immediately evident is the wide divergence that can exist
in basé‘pressures for similar model configurations in the transitional
f!qw‘regime while in the fully turbulent flow regime they tend to agree
more closely. This tends to confirm that shear layer transition location
exerts a strong infiuence on the flow field. When transition finally
‘ﬁmoyesvforward on the mode! surface, the base flow appears to "forget"
’Qhaf has happened previously, and transition location does not dominate

the flow process,

- ‘The data of Vvan Hise (69) agree quite closely with the present
measurements while the data of Holder and Gadd (18) and Charwat and
Yakura (31) are considerably lower, The closed symbols represent data
obtained during the first phase of the program with a smooth mode!
surface roughened by sandblasting and correspond to the disturbance
tength data of Figure 19,
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Presented also for comparison is the theory of Korst (28), Most
of the experimenta! data fall below theoretical predictions. Assuming
truly undisturbed wake fiow for all the experiments, and as any dis-
turbances tend to increase the base pressure ratio, it can be
concluded that Korst's theory predicts a base pressure which is slightly
high.

One major conclusion that can be reached from the foregoing dis-

.
H
1

-

cussion is that it is extremely difficult not impossible, to compare
transitional data for various experimental conditions and models with
different surface roughnesses, However, good success can be obtained

when comparing fully turbulent data,

4,2.3 Variation of Base Pressure in Vertical Direction

Base pressures at various vertical stations were measured over the
Reynolds number range covered by the centerline base pressure data of
Figure 29, These data are presented in Figure 30 with the pressure
normalized by dividing by Pus {the cen®rline pressure), The data for
all Reynolds numbers show a maximum at the centerline with a slight
decrease in the vertical direction. A minimum is reached at a vertical
position represented by ﬁ = 0,620, The pressure then starts to increase
toward the corner, The figure also shows that the base pressure gradient
increases with increasing Reynolds number. As the maximum variation in
base pressure measured is of the order of 5%, one might question the
assumption that the base pressure is sensibly constant over a two-

dimensioral base,

Charwat and Yakura (31) found no significant variations in base
pressure in the vertical direction along the base either in the turbulent

or in the laminar regime. They found this also to be true for pressure

along the centerline in the recirculation zone except near the recompression

region. They thus concluded that the two-dimensional wake is isobaric.
Centerline static pressure data presented herein show a gradient in the

axial distribution (Section 4,3.4),
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Fuller and Reid (82) performed base pressure measurements on two-
dimensional bodies at Mach number 2.4, both with and without exhausting
jets. At a Reynclids number of 3,24 x 106 per foot with a ratio cf momen-
tum thickness to step height of 0.008 tHey found that the base pressure
ratio reached a maximum at about 0.64 inch from the inside corner. The
pressure ratio near both edges of the step was about 0,355 while at the

maximum it was 0.370 which is an increase of approximately 4 percent,

The experimental points in Figure 30 at % = 0,207 for Reynolds
numbers of 6,43 x IO6 and 7,02 x IO6 were slightly In doubt and for that
reason the connecting lines to the two adjacent stations are dashed. As

the pressure gradient can be direct!y related to the velocity gradient

by use of the momentum eguation, it can be seen that the velocity gradient

at the centerline also shows a variation with Reynolds number. These
data were used to calculate base heat transfer using stagnation point

theory (see Section 4.4.3,2),

4,3 Recirculation Zone Probing Runs

4.3,1 General

A series of probing measurements were carried out to compliment the
heat transfer and base pressure measurements and to provide detailed
information pertaining to various portions of the total flow field,
Figure 31 shows the 20-power binocular microscope which was used for

positioning the probes in the boundary layer and base region.

4,3,2 Probe Positlioning Device

To allow probings in the various regions of interest, a special
probe positioning device was designed and constructed., With this device
the angle of attack and the verticel and longitudinal positions of the
probe could be accurately adjusted during operation of the tunnel. The
internal drives of the traversing mechanisms are composed of micrometer
Jcomponenfs inserted in low-drag housings. The gears for the angle of
af?ack components are enclosed in a special chamber not exposed to the
flow.n The probe positioning device and the first shear layer probe

installed in the tunne! are shown in Figure 32a and the details of the
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probe actuating mechanism are shown as Figure 32b., When these photographs
were taken, the pcsitioning mechanism did not have the axial traversing
component. The micrometer drive assembly for this component is actuated
by a flexible shaff, This mechanism with a probe installed is shown in

Figure 32c.

4.3.3 Shear Layer Measurements

4.3.3.1 Temperature Data

Simultaneous measurements of total temperature, Impact pressure, and
static pressure were made through the shear layer at two locations using
the probe shown in Figure A6 of the Appendix. This probe installed in
the tunnel is shown in Figure 32a., These profiles were made at a
Reynolds number of 6.7 x IOG. The zero ordinate locations for the two
probing stations are shown on Figure AIO of the Appendix. The probe
positioning mechanism was used fo aiign the probes with the flow and
visual guidance was provided by schlieren observation, Only the tempera-

ture data are presented for these runs,

Figure 33 shows uncorrected and corrected variations of total
temperature through the shear tayer at the two stations, The shapes of
these curves are somewhat similar to data obtained by Charwat and Yakura
(31), Parts b) and d) of the figure show the total temperature data
corrected for Mach number and Reynolds number error. The plots show
an enthalpy defect near the inner portion but do not display an enthalpy
excess at the outer edge as is common for attached boundary layers, The
measurements indicate a mean recirculation zone recovery factor of

0.955 (Section 4.3.5}.

4,3,3,2 Pressure Data

Addifionallmeasuremenfs of impact pressure and static pressure
were made through the shear layer using & new probe and the modified probe
positioning mechanism, These runs were made at & Reynolds number of
4.30 x |06vw?th a roughened forebody. The modified probe shown in
Figure A6 of the Appendix had impact pressure ftubes facing both forward
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and rearward with a static tap located at the center., With this probe

.simultaneous rearward and forward readings of impact pressure as well as

static pressure could be obtained., It is felt that only limited reliance
can be placed on the static pressure data as the tap placement and probe

are not optimum for this type of measurement, Eight profiles of impact

pressure and static pressure were obtained using this modified probe. The

pro??fe data were machine reduced on an LGP-30 computer. Presented in
this report are data for three profiles obtained by traverses perpendi-
cular to the shear layer flow direction with the probe aligned with the
flow direction, The locations of the probings are shown in Figure 34
which indicates both the starting and ending points of the traverses,

As the probe measures both forward and rearward impact pressures, two

~simul taneous profiles were obtained with each traverse, For each run,

the notation "f" designates the forward facing probe, and "r" designates
the rearward probe, with a distance of 0.32 inch between the probe ends.
For all runs the probing station, x, is measured from the base upper
corner to the |ine of traverse, parallel to the probe (shear layer)

angle and perpendicular to the traverse.

The probing data are presented in groupings of three for each run
(Figure 35), The first figure for each run presents the forward impact
pressure and static pressure variation through the shear layer., Included
aiso for . reference is the base pressure corresponding to each probe
position. The second figure shows the Mach number distribution and the
third indicates the velocity distribution, Included also are data

obtained from the rearward facﬁng probe for Run 199,

For these runs it was assumed that the streamwise variation in
static pressure was negligible and meaningful Mach number data could be
obtained either from the base pressure or the measured local static
pressure. No calibration was made for the static probe and, as the
readings are probably in error, the data obtained with this probe can
only be considered qualitatively. However, the probe does indicate
changes in pressure level and can be used to evaluate the gross charac-
teristics of the flow field. The second figure in each grouping
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compares the measured static pressure with the base pressure, with

the Mach number evaluated from both pressures,

During Run 198 a sudden change occurred in base pressure, This In
turn caused the shear jayers o assume a steeper angle and the flow
impinging on the probe was from a higher velocity region of the shear
layer. This discantinuity in the profile is shown by the closed
points (Figure 35a, b, c), For some reason the shear layer angle
again changed to its original position and the profiie was compieted.
This event points out one of the difficulties encountered in making
probing measurements of this type, The interruption was not caused
by a change in tunnel stagnation pressure and at the present time the

cause is unknown,

Most of the data obtained with the rearward-facing probes present
definite proof of reverse flow. Indications of reverse fiow of Mach
number and velocity are shown for Run 199, obtained from the rearward-
facing probe, In the portion of the shear l|ayer above the zero
velocity !ine the rearward probe senses a "base" pressure and gives
an erroneous indication of Mach number, Below this line the forward
probe gives a wrong indication, Missing points for Run {99 for which

impact pressure data are presented can be explained because of this,

4,3,3,3 Comparison of Velocity Profile Data with

Incompressible Mixing Layer Theory

The velocity data presented in Figure 35 are plotted against the
turbuient similarity parameter ogy/x in Figure 36. Shown for comparison
is Tollmien®s prediction for an incompressible jet (83). The y
coordinate was chosen so as‘fo make u/u2a = 0,50 at o y/x = 0, The
x distance for each profile station was measured along the shear |ayer
and the y values were measured perpendicutar to x, Curves faired
through the data are also presented for spreading factors (o) of 10
and 15. A o of 12 fits the data best. For subsonic jets a ¢ of 12 is
usually best. The correlation of Tripp (39) exhibits a value of 24
for an approach Mach number of 3.0. The Vasiliu (40) corretlation

43



predicts a value of 40. With this large a discrepancy, further experi-

ments on this problem are in order,

According toc incompressible mixing fayer thecry, it has been
assumed that the value of the "mixing length"™ is constant across the
mixing zone and the mixing tength L is proportional to the distance
from the nozzle,

L = ex
where the constant is V|/2 03. Liepmann and Laufer (32),using a hot
wire method, showed that for supersonic flows the mixing length is not

constant across the mixing layer,

Charwat and Yakura (31) found that @ o of 20 fit their supersonic
data., As o is a measure of the amount of turbulence, they felt either
that this discrepancy was related to the increased stability of super-
sonic jets or that their flow was not yet fully turbulent., Considering
the present data, the latter reason seems |ikely, as their data were

taken at approximately the same Mach number (2 and 3).

Crane (3%5) showed that the effect of compressibility on the non-
dimensional velocity profile can be divided into two parts. The first
is what he called "change of scale" which is related to differences in
temperature. The second is the effect of increasing Mach number., They
found that these two effects practically cancelled out, leaving the
profile relatively unchanged from the incompressible case although a

different o may be required,

The spreading factor o is a primary unknown in calculating turbu-
lent near-wake heat fluxes., Available estimates range from 12 to 40
for the present situation. A o of 12-15 seems to fit the present data,
This range is supported by comparisons of the present heat transfer
data with the analytical predictions 6f Korst (see Figure 42), We have
concluded that a proper analyticel model should include only the low
speed value of o and that the diminished wake thicknesses (as the Mach
number increases) must result from improved turbulent shear stress
assumptions,
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4,3.4 Recirculation Zone Tota! Pressure Measurements

Traverses were made through the recircutation zone using the
double-facing probe shown in Figure A6 of the Appendix., Figure A7
shows a schlieren photograph of this probe in the flow field., No
attempt was made to align the probe with flow direction and all tra-
verses were made with the probe face in a horizontal plane., Figure 37
shows data obtained from these traverses, In some cases the readings
are less than the static pressure, designating flow in the opposite

direction.

4,3,% Centeriine Pressure Measurements

Measurements of static pressure and total pressure were made along
the center!ine of the recirculation zone using the recombination total
pressure and static pressure probe described in the Appendix. Figure A8
f the Appendix shows this nrabe installed on the model, This probe
was traversed downstream from the base through the recirculation zone
throat, and in sc doing, profiles of static pressure and impact pressure

were obtained.

Reverse flow locations are identified by the relationship between
the probe impact pressure and the local static pressure, Figure 38
shows a plot of these pressures as a function of axial location. These
measurements show reverse flow to a distance of approximately one and
one-half inches downstream of the base, When the flow is moving down-
stream, the rearward-facing impact probe senses a "base" pressure and
the values so measured are lower than the static pressure. The model

base pressure is indicated by ‘he cross on the ordinate,

Assuming no mechanism for dissipation of total pressure, the
second stagnation point exists where the two pressures are equal,
Badrinarayanan (24) found simi'ar results for both axisymmetric and

two-dimensicnal models,

4,%3,6 Temperature Measurements

Recircuiation zone ‘emperatures were measured at three vertical

positions and five !ongitudinal stations using the rake described in the
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Appendix. These measurements were made over a base to stagnation
temperature ratio range of 0.365 fo 0.965 at a Reynolds number of 4,5
X 106 (Figure 391,

Temperature data obtained using the recirculation zone rake showed
that some influence of wa!l cocling was exerted on portions of the
recirculation zone downstream toward the second stagnation point, although
this influence diminished quite rapidly. The data presented in Figure 39
show that the recirculation zone temperature remains at approximately
9% percent of free streem total temperature, independent of wall cooling,
until a location approximately | inch from the base is reached, This is
close to the dcwnstream stagnation point, as evidenced by other measure-
ments in this report. Because of the reverse flow, the recirculation
zone then starts to sense the wall cooling and the temperature drops to
approximately 90 percent of free stream value and remains at this ratio
until a position approximately 40 to 60 mils from the base plate is
reached, where the temperature starts dropping to the wall value., A
description of temperature measurements in this region is presented

in the folleowing section,

For these runs a base temperature recovery factor of 0.965 was
obtained which agrees ciosely to earller measurements of 0,973, The
recirculation zone recovery factor was approximately 0,95, which also
was measured with the shear layer total! temperature probe, Charwat and

Yakura (31} fcund a recirculation zone recovery factory of 0.945,

As the recirculatien zone temperature measurements were made with
small diameter thermccoup'e wires (3 mils), temperature readings obtained
are influenced by Reynclds number effects (a Reynolds number of the order
of ten based on half wire diameter exists in the recirculation zone) as
well as conduction influences and radiation., Performing calculations
suggested by Bradfield (84), It was found that the radiation and
conduction Influences can be neglected but the error introduced by the
Reynolds number effect has to be considered, The best available experi-
mental information as presented in References 84, 85, and 86 indicates

that the data are aboul! 2 percent too low, Interpreting those data
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it must be realized that the interference created by the presence of the

rake disrupted the flow field but the gross condition remained relatively

unchanged (Section 4 of Appendix],

4,3,7 Base Boundary Layer Measurements

Because of the strong indications of a base thermal boundary !ayer

presented by the recirculation zone total temperature measurements, a
special thermocoupl!e probe was designed, It was similar to those used
in the shear layer measurements (Section 3.i of Appendix}, Tempera-
ture profiles were obtained for wall temperatures of recovery,—78°F,
-200°F, and -278°F (Figure 40), The probes were positioned to within
0.001 inch using the binocular microscope. The profiles were measured
at base thermocouple TB4 (refer to Figure 13), The probe body was
inctined at an angle of approximately 15° with the base and faced the

base horizontal centerline (Figure A7q).

As the probe was traversed inward, indications of a temperature

gradient were obtained at approximately 40-60 mils from the base.

The temperature drops at a linear rate unti! a point 4 to 6 mils
from the base plate is reached. Because of the probe size used it
was not possible to bring the center of the thermoucouple wire closer
than 4 mils from the base, and @ detailed picture of the variation
inward was not obtained. The temperature drops répidly to the wall

value from this point.

At the present time the exact character of this thermai tayer is
uncertain. Impact pressure data were not obtained, so the shape of
the velocity profile could not be used as a criterion to determine

whether the flow is laminar or turbuilent.

The separated zone behind a body immersed in subsonic flow is
characterized by unsteadiness and fluctuation of the flow boundaries.
In supersonic flow this is not the case since the present measurements
indicate that the flow boundaries do not fluctuate with time, The
question of whether small scale turbulence exists in the recirculation
zone has yet to be answered. Although the separating shear layers are
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turbulent, it cannot be stated with certainty that the small scale
fluctuating motion is carried into the recirculation zone, However,

the wind vane measurements described in the next section indicate consider-
able variation in the flow patterns. If flow in the recirculation zone

is characterized by turbulent fluctuations, it is quite certain that these

fluctuations would be impressed on the base boundary |ayer,

Very |ittle data existfor the varitation of total temperature through
either a laminar or a turbulent subsonic stagnation point boundary
layer. However, Livingood and Donoughe (89) present a summary of solu-
tions of theoretical calculations for laminar wedge type flow. The
solutions were obtained for small Mach numbers with a Prandt! number of

0.7 and for various conditions of wall cooling and mass injection,

The therma! boundary layer data were transformed to a non-dimensional
form to allow comparison with the stagnation flow data of Livingood and
Donoughe (89), Comparison of the data showed only slight correlation
in the inner portion of the profile with a large deviation in the outer
portion. It thus appears that the present experimental temperature
profiles may be composed of a laminar sublayer with a form of turbulent
outer region probably impressed by the recirculation zone flow, This
assumption is partially substantiated by the concept of a turbulent
eddy process, which increases the apparent thermal conductivity in the
outer portion where the fémperafure gradient is fairly small. In the
inner portion, the turbulent motion decreases while the gradient increases

and the conductivity approaches its molecular value.

True stagnation point flow is usually laminar, and early transition
occurs only for conditions of extreme surface roughness, However, for
the mode! of the reported investigation, it is quite possible that no
laminar portion exists because the recirculation fiow fluctuations may
be strong enough to overcome any stable tendencies of the boundary

layer.
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4,3.8 Wind Vane Measurements

Runs were made with & small wind vane inserted at different locations
in the recirculation zone. The vane oscillated quite severely at most
locations and in some areas was rotating too fast to be seen., However,
several regions were located in which the vane assumed a stable attitude.
One such area was close to the second stagnation point indicated by
the centerline static pressure data. Spark schlieren photographs were
taken by positioning the vane against 2 background of O.,1 grid iine
super imposed on the tunne! window (See Figure A7h)., This method
shows promise although a means of applying a variable friction to the

vane would have to be devised to damp out the oscillations,

4.4 Heat Transfer Measurements

4.4,1 Heat Transfer Measurements Using Transient Technigue

The heat transfer data were taken with the model forebody at the
local recovery temperature, It has been shown {(Reference 87) that if
heat transfer has occurred before the point of separation, conditions
in the base region wouid be affected, Chapman, Kuehn, and Larson (67)
have obser@ed,fhaf heating of a boundary layer prior to separation
has a stabilizing effect rather than the destablizing effect exhibited
by attached boundary layers, The Heaf transfer chamber at the rear of
the mode! was thermally isolated from the model forebody to prevent
a transfer of heat during the cooling process, As the cooling process
was accompl ished with the tunnel running, the mode! forebody wall
temperature approached its equilibrium value before the data were
taken, ‘Tempera?ures were measured at three different locations on

the mode! forebody during the heat transfer runs.

Mode! temperatures and the wind tunnel. stagnation temperature
were récorded on Brown Electronik recorders. As the number of
recorders availabie was limited, it was necessary to record more than
one thermocouple on each recorder. This was done by stepping switches
which allowed alternate one-second traces for each of two thermo-

couples on each switching unit,
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Past experience with these recorders has shown that the calibration
tends to drift occasionalty, A check was made on recorder calibration
before and after each run by measuring two fixed temperatures. As the
heat transfer recorders had a temperature range of -350°F to ;IOOOF, a
liquid nitrogen bath of -320°F was used for the low end reference point
and for the high end @ bath of carbon dioxide and alcoho! with a tempera-

ture of -!IOOF was chosen,

Before each run the base was pre-cooled by flowing cooled, gaseous
nitrogen or helium over the inside surface, The coolant gas (from
pressurized cylinders) was led through a liquid nitrogen and carbon
dioxide-alcoho! 2-stage heat exchanger which lowered the temperature to
-320°F, The coolant line was then led through a special fitting in the
mounting window and followed a path internally through the model to a
chamber in the micarta after-section. Four laterally spaced holes then
directed the gas over the nickel heat transfer surface. The coolant was
exhausted through another internal line which led again through the
steel window and finally to a vacuum pump. A vacuum pump was used to

assist in the flow of the coolant gas through the model.

During this cooling procedure the base heat shield was in the
extended position (Figure 41a), The shield was then pulled (Figure 41b)
and the rate of femberafure change of the model base was recorded.
During this time simultaneous readings of base pressure and model

surface pressure were also obtained.

During a ten minute tunnel running period approximately eight
separate heat transfer runs were accomplisked. Immediately after the
conclusion of a run, which usually lasted about 20 seconds, the shield
was extended and the cooling process again was repeated. The length of
time needed fo bring the model base back to -320°F was approximately
I5 seconds. This method allows heat transfer dats to be taken before
the temperature gradients, which tend to develop in the base due to
unequal heating rates, have time to develop. Thus, extensive correc-

tions for conduction through the model skin need not be made.
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Additional heat transfer measurements were made with the base pressure
model. For these runs, the cooled exhaust 1ine was vented to the tunnel
section to maintain a minimum pressure differential across the mode! base
and prevent leakage of the coolant into the base region. Helium was used
as the cooling medium to prevent liquéfaction and accumuiation of |iquid
in the cooling chamber. It was found that the cooling system had
sufficient capacity to bring the base down to -280°F during operation of
the tunnel. For these runs, the heat shield mechanism was not required
and visua! observations of the flow field was possible, This base was
not thermally isolated as well as the heat transfer model but it was
found that if the data were taken during the early part of the run the

conduction errors were minimfzed.

The heat transfer data were reduced using the procedures presented

-
(R

(7]

ection 3.3, The data in the form of heat transfer coefficient are
presented in Figure 42a as a function of Reynolds number, The data on
this figure were evaluated at instantaneous wall temperatures of -!OOOF;
—200°F and -250°F, The early data are shown as closed symbols while
data taken using the second base are represented by open symbols, The
average of these data correlated on the basis of transition Reynolds

number are shown in Figure 42b,

.. 14,421 1 Stagnation PolintiAnalysis

The intuitive picture of the heat transfer process on the rear-wake
region is that of a two-dimensional stagnation point type flow. It is
of interest to make a qualitative numerical comparison of this type of
analysis with the present experimental results. Assuming laminar flow,

the correlations of Reshotko and Cohen (88} for this case are summarized

below:
Table I Heat Transfer Summary of Reshotko and Cohen
Tw/To Nu V Re
Pr = 1.0 Pr = 0.7
0.5 0.541 0.471
1.0 0.571 0.498
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For stagnation point flow, the heat transfer coefficient is written as:

Nu EE dvs
h = (;—) =2 [ yp) (dy (20)
Ire )
The first bracketed term decreases with decreasing wall temperature ratio.

The second bracketed term involves only molecular transport properties

which, for sjmplicity, will be evaluated at the freestream total tempera-

_ture. The third term involves the density which is to be evaluated from

the mean base pressure and the freestream total temperature. The fourth
term involves the velocity gradient at the stagnation point which must be
obtained from experiment. For locally isentropic flow just outside of

the assumed boundary l|ayer

dv a m
8 . A (21)
d ‘
y N+ y-1
: , 28
Near the stagnation point the Mach numbers are quite small so that
‘Equation 2! may be written
dv dam
5 ~ @ o
3y ~ b 3y {22)

The Mach number distribution is found from the static pressure distribu-
tion using one-dimensional isentropic flow reletions, assuming that the

pressure measured at the apparent stagnation point is the total pressure,

Using_Equafions {20} and (22) and Table I, the following results were

obtained:

Samp!e Results

a.) Low Reynolds number value (Res = 4 X I06)

Wall static pressure survey
dv
: a) -1/2 BTU
—=] = 97 sec¢ s h = 4,7
(dY o ’ F12-hrOR
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b.) High Reynolds Number Comparison (Res = 6,7 x 106)

Centerline pressure survey

dv
(—-él = 164 sec'|/2; h = 10.9 S

dy

Wall static pressure survey

dv
(d 8 . 13 sec'|/2; h=7.5 TTEEIE———
A f+°-hr°R

Results over the whole Reynolds number range calculated from the
wall static pressure data are shown on Figure 42b. The laminar
stagnation point theory exhibits an S-shaped Reynolds number dependence
rather than the conventional square root dependence. It is the velocity
gradient change which gives an S-shape to the laminar curve which
closely matches the experimental results, If the stagnation int

ent

-

ofn po
theory applies to laminar separation also, then the velocity grad
must greatty diminish, since the mean base density is known to be
about twice the turbulent case. The Reynolds number dependence of
the measured data indicates that this is true, In addition, a fiim
exists close to the wall independent of the nature of the covering
shear layers, This analysis can be modified after the exact nature

of the base boundary layer is determined.

4.0 404,202 1 Heah Treansfer From Measured Thermal 3eundary layer Data

At the wall the slopes of the total temperature and static tempera-
ture profiles are equal, Using thHe Fourier heat conduction equation
and evaluating k at the wall temperature, close agreement was obtained
between heat flux obtained using this method and those measured using
the transient technique (Table II), These measurements were made only
at one Reynolds number and appear as the vertical bar on Figure 42b

at Res = 4,07 x |06.
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TABLE I1I

Calculation of Heat Transfer Coefficient From Probing Data
Tbte Ax AT b K o Ik g h
——- (F1) (°F1 (°R) (BTU/fthr®R (R) (PR) (BTU/$t2hr) (BTU/£t2hrOR)
0.716 .000333 32.6 384  0.,0111 536 509 1085 8.68
0.487 .000333 75.6 26! 0.0077 537 510 1745 7.05
0.340 .000333 117.7 182  0.0054 536 509 1960 6.0!

4,4,2,3 Sample Catcutétions Usingithe Korst Analysis

For conditions representative of the present experiments,

Ml'a‘=‘- 3'-!O’ pB/pI = ol\2l, M2a = 4.‘57, Uza = 2239 fps.,
wroPog = 0.0001760 slugs/ff3, 92a = 2280, X = wake length = 2,22 in., and
‘ﬂc2az = 0.80, the product o St (T = .5 T_) = .58. The heat transfer

coefficients can be evaluated by choosing a value for o. Using the
incompressible value of 12,
" St =.0.00483, and h = 66.9 BTU/ft2hroR.
Using the value predicted by Tripp (39) of 24.6,
St = 0.00236; and h = 32,7 BTU/¢t°hrCR,

The curve in the uppek left hand corner of Figure 42b represents
the Korsf'bredicfion for a spreéding factor of 24.6 and for TB = Tb.
Since Korst gives no indication of which values of the base temperature
to select, this assumption is the most natural one, since the wall
“temperature is most easily measured., However, the assumption is physically

unrealistic as shown by the exper imental data.

" All of ‘the Korst predictions are linear in Res since the heat
transfer coefficient is directly proportional to pressure and in the

Korst model the base pressure has a unique value at this Mach number,

The turbulent theory of Chapman (46) applies only for the case of

M= O; T, = Tbo His results for this case are in complete agreement with

B
the Korst calculations. Therefore it is necessary to make comparisons

only with the Korst predictions.
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To modify the Korst calculation such that the heat transfer coeffi-
cient is based on the more easily measured wall temperature instead of
the recircutation zone temperature, the Korst value should be multip!ied
by the appropriate temperature difference (To - Tb) instead of (To - TB).
The relation

q=h" (T, - T

B) = h (To - Tb) (23)

defines h such that

h=n' [ o " 'B] ' (24)
T -7
o b

The correction term in the brackets must, at present, be found experi-

mentally. Since the present heat transfer data were obtained under
_ +
cooled-wal| conditions (Tb,':',o.s To), Tb<TB’ and h<h ., Two choices

are available,

1. The recirculation zone total temperature measuremenis
{,010& x £ 1.000 inches)
From Figure 39, for x = 0.75 ih, when Tb/To = 0.5,
TB/T.o = 0.9 and the correction term assumes the value
0,170.,%5= 0.2 and
h (o 24,6 = 6,5

BTU/ £ +2hr°R
h (c=12) = 13,3
2, The base boundary layer tota! temperature profiles (,004%£x
4 0.024 inch). From Figure 40, when Tb/To = 0.5, then by
interpolation TB/To = 0,76 and the correction term assumes the
value 0.24/0,50 = 0,48 and the modified heat transfer coeffi-
cients become

h lo=24.60 .2 15.7
. iBTW/ £t°hr°R
. hfo= 121 = 32,1

H

Since the first set of measurements encompasses the complete recircula-
tion zone while the second involves the base boundary layer region only,
the first set was adopted for theoretical comparisons since it agrees
more closely with Korst®'s physical picture, These data are presented in
Figure 42b,
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The laminar mixing layer theory of Chapman was also included for
reference., The close proximity of the laminar and turbulent predictions
is due primarily to the higher laminar base pressures, The laminar
curve follows a square root variation with Reyno!ds number., The Chapman
laminar theory also includes the assumption that TB = Tb° The effect of
the assumption is to increase the predicted heat transfer coefficients as

indicated by the Korst comparisons,

' 5.  SUMMARY AND CONCLUSJIONS

The flow models proposed by Chapman {(46) and Korst (28) assume
that the major mechanism for heat transfer to a wall in a separated
flow Fégion is governed primarily by the behavior of the mixing layers.
In Chaﬁhan’s sfddywif was assumed that the wall temperature was equal to
the separafedvzone temperature, which implies zero resistance to heat
transfer belween the wall and the separated zone, Heat transfer predic-
tions by Chapman for pure laminar separation were experimentally sub-
stantiated by Larson (66), who showed that for gap-induced separation on
a flat plate the heat transfer was approximately 60 percent of the
equivalent attached case, The turbulent theories of Chapman and Korst

(assuming T, = Tb), predicted heating rates approximately six times

those for eguiva!enf attached cases. Larson's work {(66) and the
results reported herein for heat transfer measurements under turbulent
separated flow conditions showed @ considerable reduction in heat
fransfe}. The primafv reason for this discrepancy, as reported in both
?nvesfigaffons, is that the recirculation zone temperature deviates
considerably from the wall temperature. Both investigations showed
that the to?é! temperature of the recirculation zone is approximately
90-9% percent of the free siream total! temperature, The current
measurements made in the recirculation zone with wall cooling showed
that, although the region closest to the base sensed the drop in tem-
perature, the major portion tended to ignore it and remained at

recovery value, which is close to the free stream total temperature,

The presence of a thermal beoundary layer was proven by measure-

ménts of several profiles of tota! temperature, These findings indicate

56




.

that the largest barrier to heat flow into the base is the boundary
layer, with only smell resistance encountered at the shear tayer and in

the recirculation zone.

In the light of the present experimental data, it appears that the
recirculation zone flow field is a combination of pure boundary |ayer
type flow (temperature influences are not felt outside of the thermal

boundary layer) and the flow field postulated by Chapman (46) and

The flow field appears, however, to follow the first mode! more

closely.

Further theoretical study should consider the behavior of the base
boundary fayer, and how it is influenced by the shear layers and external
flow field. It now appears that the base flow heat transfer process is
controlied by a compiicaied series of factors such as 1) influence of
forebody boundary layer and external flow field on shear layer develop-
ment, 2) control of recircutatory fiow process by shear layer transition,
and 3) recirculation zone influences on the base boundary layer, 1If
the flow region near the base is really of a boundary layer nature,
variations of wall cooling, pressure gradient, surface roughness, and
intensity of turbulence in the recirculation zone could all affect the

heat transfer process,

The velocity profiles in the shear layer exhibited normal turbulent
tendencies and the average value of the spreading factor was found to

be in the range of 12 to 15,

The Korst theory, in heat transfer coefficient form, depends upon
proper evaluation of spreading factor and temperature potential. The
fully turbulent shear layer results (Res;>4 X |O6) are in closest
agreement with the Korst predictions when a spreading factor of 12 and
measured recirculation zone temperatureare used. Thus, the Korst
model, which considers only the profiles outside of the dividing

streaml ine, undoubtedly is conceptually correct, The agreement of
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the heat transfer data again leads one to believe that spreading factor

data obtained on jets does not apply to the neer wake case,

The direct!y-measured wall heating rates agree with the heat fluxes
as determined by the total temperature profiles and the values obtained

using the stagnation point analysis,
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Yy = edge of mixing layer
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= jet boundary streamiine Expansion Lines

y = locus of zero u

Interference Lines

~

Boundary Layer

2a Recompresslon
/47\ [_ Region

Traiting
Shock

- L a2

]

FIGURE 2. MODEL FOR KORST*®*S ANALYSIS
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a) Test Setup in Wind Tunnel Room

FIGURE 8,

b) Control Room
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FIGURE (2, HEAT TRANSFER BASE
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FIGURE

‘6'

a) Schlieren Photograph

b) Shadowgraph Photograph

SCHLIEREN AND SHADOWGRAPH PHOTOGRAPHS SHOWING
IMPROPER WAKE FLOW




FIGURE 7. WINDOW INSTALLATION OF BLOCKAGE MODEL

'FIGURE 18, PROPER FLOW AROUND BLOCKAGE MODEL
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e) Scavenging and Reverse Flow Mechanism
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mscav
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b) Balance of Scavenged and Reverse Flow

FIGURE 20, ESTABLISHMENT OF BASE PRESSURE
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a) Res = 1.67 x 10 b) Res = 2,19 x 10

c) Res = 2,78 x 10 d) Res = 3,35 x |0

FIGURE 22, SCHLIEREN PHOTOGRAPHS OF BASE FLOW OVER COMPLETE
REYNOLDS NUMBER RANGE
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e) Re_=3.78 x 10 f) Re_ = 4.40 x 10°

g) Re_=5.02 x 10° h) Re = 5,40 x 10°

FIGURE 22, (CONT'D)




i) Res = 6,02 x 106 J) Res = 6,43 X IO6

FIGURE 22, (CONT'D)
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a) Microschlieren Equipment

b) Locations of Photographs

FIGURE 24, MICROSCHLIEREN PHOTOGRAPHY (8 POWER MAGNIFICATION)



c)

Flow Separating From Model

e) Model

Boundary Layer

FIGURE 24, (CONT'D)

d)

Wake Throaft




FIGURE 25,
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FIGURE 26, TOTAL TEMPERATURE VARIATION THROUGH BOUNDARY LAYER
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FIGURE 27, IMPACT PRESSURE AND MACH NUMBER VARIATION THROUGH

BOUNDARY LAYER
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FIGURE 30. BASE PRESSURE VARIATION IN VERTICAL DIRECTION
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FIGURE 31. PROBE POSITIONING BINOCULAR MICROSCOPE



a) Installation in Tunnel

b) Details of Actuating Mechanism

¢) Longitudinal Traversing Component

FIGURE 32, PROBE POSITIONING DEVICE
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APPENDIX

BOUNDARY LAYER AND RECIRCULATICON ZONE PROBING MEASUREMENTS

1. General Discussion of Probe Errors

In the experimental study of fluid flow phenomena it is possible to
obtain information pertaining to the flow field generally by one of
three methods, These methods are the followings

a, Visual observation of the flow field using optical techniques

such as schlieren, shadowgraph, or interferometry.

b. Measuremert of the effects experienced by a body immersed in
the flow such as pressures, skin friction, or heat transfer.

c. Measurement of local flow properties using total temperature
probes, total pressure probes, static probes, or hot-wire

me thods,
The firsi meihod does not interfere with the flow field or modify the
overall flow pattern and the second will create only 2 minimum disturb-

ance [f proper precautions are observed. The second method suppiies
information which is a result of combined effects of the total flow
field.

To obtain distributed iInformation regarding the flow properties
through the fiow field it becomes necessary to insert probes or other
measuring equipment into the flow pattern. Probing measurements,
although extremely useful, are sub ject to more inherent errors and
experimental difficulties than the first two methods. It is usually
not too difficult to construct a probe which will sense any of the
flow properties such as pressure, temperature, flow fluctuations, etc.
To accurately interpret these measurements, however, is an entirely

different matter,

For a probe to provide a meaningful measurement at any location
in the flow field it is necessary that the presence of the probe does
not interfere with the flow pattern., To obtain accurate profiles of
flow properties through viscous layers it becomes necessary that the

physical size of the probe be small compared to the layer thickness,
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This Is especially important when probing attached boundary layers on
wind tunnel models where the thickness may be of the order of 30 mils

or less,

Even if the flow is not disturbed because of small probe sizes,
additional factors can influence the accuracy of the results. A very
‘good discussion of probe errors is Included in Reference 84, One large
effect which can be encountered is the averaging effect which is created
by the smal!l size of the probe. The flow accelerates from zero
. velocity at the probe stagnation line to supersonic speeds in a small
distance., This large velocity gradient creates correspondingly large
gradiéhfs'in pressure and temperature, It can be expected that the
probe will then sense an average value due to the gradients across the

probe face rather than the desired stagnation 1ine value.

Another error encountered in probing of total pressure through
viscous layers is called position error and is created by the strong
‘gradients in flow parameters in the probe "freestream", Because of
the finite size of the probe opening, it will sense not only the desired
value of pressure at the stagnation 1ine but will also be sensitive to
the varying vatues above and below., The net result is that the
indicated measurement will be an integrated value and will be a func-

~tion of the pressure gradient and probe opening size.

Total temperature probes are subject to conduction errors which
are created by the fact that the bottom, top, and sides of the probe
are close to recovery temperature, which is a function of the local
Mach number of the flow bathing the surfaces. The net result is a
flow of heat away from the stagnation line, which theoretically
would be at the local free stream total temperature, In addition,
radiation errors can greatly influence the temperature reading,
especially if the probe and environment as "seen" by the thermocouple
have a large difference in temperature., 1In an analysis performed in
Reference 84 regarding total temperature probe errors due to conduc-

tion it was found that the smaller the probe tip height the greater

A2




would be the temperature error. It can also be reasoned that the
probe structure itseif should be made of a iow heat conductlivity

material,

In summary, tc present minimum disturbance to the flow it is
necessary to utilize a small probe, In contrast, some of the probe
errors are adversely affected by small probe size, It can be seen

that some compromise has to be reached regarding probe size.

Viscosity can aiso piay an important roie in probe measurements.
The usual simplifications made on the Navier-Stokes equations involve
elimination of the viscous terms for many fluid flow caléulations,
In bluff body flow situations strong gradients exist in the flow
parameters in the neighborhood of the stagnation point. For a real
fluid, viscous effects are thus always present and their effect on the
properties being measured must be considered., As the Reynolds number
is a measure of the ratio of inertial forces to viscous forces, at
low Reynolds numbers the viscous forces assume greater importance.
At low Reynolds numbers (of the order of | fo |0 based on probe hailf
height) the effect of the viscous forces is to do work on the fiuid
particles moving along the stagnation streamliine, which can result in
measured local stagnation pressures and temperatures greater than

actual reservoir conditions,

Although not investigated as thoroughly as viscous effect, Mach
number could @lso influence probe readings. In incompressible flow,
Reynolds number is the major governing similarity parameter, In
compressible flow the Mach number mist be considered as an additional
similarity parameter. The results of several investigafors including
Bradfield (84) and Laufer and McClellan (85) give some insight into
the magnitude of this effect for total temperature probes. In
general, the effect is to lower the measured temperature as the
Mach number increases., This possibly can be attributed to increase

in the conduction of heat away from the junction. Using the usual

definition of recovery factor and dividing the numerator and denominator
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by To’ it can be seen that as the Mach number increases, the wall
recovery temperature decreases., This presents & larger temperature
potential for pcssible heat flow from the junction to the colder probe

surfaces,

2. Probe Calibration

The effects of viscosity and Mach number on impact temperature
were investigated in the small free-jet wind tunne! described in
Reference 84, Figure Ala is a photograph of the probe calibration
set-up and Figure Alb is a scale drawing of the tunnel. Because of
their small face height (approximately 7 mils) and because the probe
Reynolds number reference length is usually taken as one half the
probe height, it was necessary to calibrate the total temperature probes
to determine their sensitivity to low Reynolds numbers. Another factor
which necessitated their calibration was the influence of conduction

and radiation of the probe recovery factor.

The probes were tested in two nozzles with nominal Mach numbers
of 1.9 and 3.2. The unit Reynolds number was changed by varying the
stagnation pressure from O.4 cm Hga to approximately 250 cm Hga. At
the extremely low pressures the nozzle boundary layer growths were
sufficient to reduce the actual Mach number for each nozzle to about
I.4, To determine the variation in nozzle Mach number with stagnation
pressure, i.e., Reynolds number, both nozzles were calibrated with
a |/16-in. diameter total pressure probe located at different positions
wifh respect tc the nozzle exit., This probe, because of its rather
large diameter, is relatively insensitive to Reynolds number effects.
The Mach number so calculated was then used to interpret the calibration
data for the other Mach number sensitive probes. The Mach number 1.9
nozzle did not suffer an'appreciaﬁﬁe decrease in Mach number until a
stagnation pressure of 15 cm Hga was reached. At this point the Mach
number had dropped to 1.8, At lower stagnation pressures the Mach
number dropped very rapidly, reaching a minimum of 1.4, The other
nozzle reached a Mach number of 3,05 at the seme stagnation pressure and

then also suffered a decrease to |,4 very rapidly.
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The calibration data for the impact pressure and temperature probes
are plotted versus the probe Reynolds number evaluated after the shock
wave while the static probe calibration Reynolds number is evaluated

at free stream conditions,

Data for the impact temperature probe are presented on Figure A2
along with results of Bradfield (84) for comparison., These results
show that the largest error in temperature occurs at a Reynolds
number of around 100 and as the Reynolds number is increased the impact
temperature measured by the probe also increases., At high Reynolds
numbers the increased convective heat transfer to the probe face over-
rides the conduction and radiation errors, resulting in an increasing
total temperature ratio, As the Reynolds number is reduced below 100
the total temperature ratio again starts to rise. This happens because
the effects of convection, conduction, and radiation are soon dominated
by the viscous influence, As shown in Figure A2, as the Reynolds
number decreases below |0 the impact temperature actually rises above

the local total temperature,

In addition to viscous effects, other factors which influence the
measured temperature such as Mach number, probe size, thermocouple
material, and probe cocating materials can be seen in Figure A2, The
h/2 > 10 but for !ower

Reynolds numbers the two curves merge. This is because of viscous

Mach number effect is easily discernible at R

effects on the nozzles which lower the Mach numbers., The Reynolds
numbers are evaluated at the existing Mach number so actually the

two curves merge to become one., The effect of probe size is not

proven by Figure A2 because the 4-mil, cemented, iron-constantan

probe and the 7-mil, uncemented, copper-constantan probe ca!ibra-

tions of Bradfield both lie above the 7-mil, cemented, iron-constantan
probe calibration. It appears that thermocouple materials and probe
construction methods, due to their large influence on conduction errors,
override the effect of probe size. The "bump™ in the Mach 3,05 data

was found to be reproducible but cannot be explained,
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In general, it can becstated that coatings and high-conductivity
thermocouple materials lower the probe recovery factor. 1In the Mach
number range investigated, increasing Mach number also has this same
effect. The exact effect of probe size is very difficult to isolate
from the other factors because of small| variances in probe construction,

which cangreatty influence the probe performance,

3. Probe Construction

3.1 Shear Layer and Boundary Layer Temperature Probes

The miniature total temperature probes used in this investigation
were patterned after probes conceived in Reference 84, and were made of
yellow birchwood toothpicks. Wood was selected because of Its unique

combination of insulating properties, strength, and machinability,

The front face dimensions of the turbulent boundary layer and
shear l|ayer probes were 7-mils x 50-mils while the base boundary
layer probe had face dimensions of 10-mils x 90-mils, The width was

increased to help reduce the wire conduction error.

A small groove was filed along the stagnation Iine of the face
of the probe and a small pit formed at the center of the face. The
probe used for the shear layer and forebody boundary |ayer surveys
had a thermocouple constructed of 0.5-mil iron-constantan wire., The
probe used for measurements on the mode! base had a 3-mil copper-
constantan juction. The junction was placed in the small pit and
the lead wires were placed in the slot on the stagnation line. The
wires were then led off around the face of the probe along the sides
and then soldered to larger diameter extension wire. Figure A3
shows 2 photograph and & scale drawing of the face of one of these

probes,

A thin coating of radio cement was applied over the face, top,
and sides of the probe, This was done to increase the structural
sfréngfh and to help protect the fine thermocouple junction and lead
wires, When a material such as radio cement is appl!ied over the face
of a probe the measured temperature decreases. This is due to the
decrease in heat flow convected to the junction because of the insula-
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ting barrier created by the cement. Because of the presence of small
dust particles in the tunnel it was felt that this disadvantage would
be counter-balanced by the expected increase in probe life, The actual
probing runs made in the wind tunnel and the calibration runs made in
the tiny tunnel proved this to be true, as not a single probe failure

was experienced.

3,2 Recirculation Zone Temperature Rake

Measurements of tota! temperature in the recirculation zone were
made using a rake having five bare wire iron-constantan thermocouples
of 3-mil diameter. The rake was inserted from the sidewall using a
special positioning mechanism and could be moved during operation of

the tunnel. Figure A4 shows the rake in position behind the model,

3,3 Impact Pressure Probes

The impact pressure probes used were of two ma jor configurations.
The first shear layer probe was made of 1/32-in., diameter stainless
steel tubing with the end flattened and finished to a face height of
4-mils and width of 25.mils,

The shear |ayer probe used !ater was double faced with both
forward facing and rearward facing tubes with a static pressure
orifice, It also was constructed of 1/32-in. diameter stainless steel
tubing and the face dimensions were 15-mils by 20-mils. This probe
is shown in Figure A6, which also shows temperature, static, and
pressure probes on a common holder used for the first shear layer
measurements (see also Figure 26), Shown also in Figure A6 is the
combination temperature and pressure probe used for probing the
forebody boundary layer, Figure A5 shows this probe in posftion
and Figure A7 shows schlieren flow photographs with the various

probes inserted in the flow field.

3.4 Recirculation Zone Impact Pressure Probe

For measuring impact pressures in the recirculation zone a forward-
rearward facing total pressure probe similar to the second shear |ayer
A7




probe was constructed, It also had a center static tap and was made
of 1/32-in, diameter stainless steel tubing soldered to a 1/8-in,
diameter stee! extension (Figure A6), Shown also in this figure is

an early version of this probe which created considerable flow disturb-

ance, Schlieren flow photogrephs of both probes are shown in Figure A7,

3.5 Center!ine Pressure Probe

Centerline data were obtained using a combination pitot-static
tube, It was composed of 1/16-in, diameter steel tubing with a
1/32-in. diameter brass tube running along the inside. Four static
orifices of 12-mil diameter were drilled through the 1/16-in, tubing
at a distance of 7/16-in, from the nose of the probe. The small tube
was inserted coaxially into the large one and the ends soldered toge-
ther and finished to the usual pitot tube shape., In this manner the
total pressure was measured by the 1/32.in, tubing and the static

pressure was contained between the two tubings,

A hole was drilled into the base of the model on the centerline
at a distance of | inch from the vertical center, The pitot-static
probe extension tubing was then passed through the coolant line to the
exterior of the tunnel, A special fitting was used to channel off the
proper pressures. Figure AB shows a photograph of the pitot-static

probe ?nsfallafion on the model.

4. Summary of Probe Interference Effects

Evaluation of the probing data shows that various degrees of
flow interference are created by the presentation of different probe

configurations to the flow field.

The ma jor methods of probe insertion were: -insertion paraltel
to the shear layers from the external flow field, insertion longi-
tudinal through the wake throat, vertical insertion from the external
flow field, longitudinal insertion from the base, and insertion from

the side wall,

A8
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A summary of the errors in base pressure and associated disruption
of the flow field created by the various probing configurations is

presented in Figure A9. Figure Al0 shows some of the probing locations,

In general, it was found that probings of the boundary layer and
longitudinal insertions from the base or through the wake throat
resulted in negiigible errors in base pressure and minimum disturbance
of the base flow field. The largest error occurred when inserting

the probe from the side waii,

Figure A7 shows schlieren photographs of the various probes

inserted into the flow field,
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FIGURE A3, TOTAL TEMPERATURE PROBE




FIGURE A4, RECIRCULATION ZONE TEMPERATURE RAKE

FIGURE A5, FOREBODY BOUNDARY LAYER PROBE IN POSITION



e) Forebody Boundary Layer Probe

i al Early Recirculation Zone Probe

f) Early Base Thermal Boundary Layer Probe

b) Improved Recirculation Zone Probe e r

g) Improved Base Thermal Boundary Layer Probe

c) Early Shear lLayer Probe
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d) Later Shear Layer Probe h) Recirculation Zone Wind Vane

FIGURE A6, RECIRCULATION ZONE AND BOUNDARY LAYER PROBES




a) Early Recirculation Zone Probe b) Improved Recirculation Zone Probe

c) Early Shear Layer Probe d) Later Shear Layer Probe

FIGURE A7, SCHLIEREN FLOW PHOTOGRAPHS WITH VARIOUS PROBES
INSERTED IN FLOW FIELD
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FIGURE A7.

f) Early Base Thermal

Boundary Layer Probe

h) Recirculation Zone Wind Vane
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VERTICAL INSERTION FROM EXTERNAL FLOW FIELD™
30% - 33% error at position 3-4, (,%4-in, from base
21% - 27% error at position 5-6, 0.93-7n, from

M = 2,95

Re = 7 x 108 BOUNDARY LAYER PROBE
s (Negligible error)

INSERTION PARALLEL TO SHEAR LAYERS FROM EXTERNAL FLOW FIELD
7% - 20% error at position ', 0.45-in, from base
V1% error at position 2, 0,83_in. from base

NSERTION FROM BASE
ble error?

INSERTION THROUGH WAKE THROAT

» 3 % error with probe close to base
SPANWISE INSERTION FROM SIDEWALL ¥ % error with probe I- in, from
67% error with rake touching base base.
22% error with rake l-in, from bese

APD/P |

Percent errors l

x 170 | based on variation from undisturbed P /P, of 0,135,
P /P b™ 1
b Apb/Pl
To obtain errors in base pressure coefficient ¢, divide _— x 1IN0 by A
" B

undisturbed < 7 -0.142

§ These measurents where made with the
esrly probe configuration(see Figs,
A6 and A7), Measurements with the
improved probe (Figs, A6 and A7 )
resulted in errors of the order of

33,

FIGURE A9, SUMMARY OF PROBE INTERFERENCE EFFECTS

~—B. L. PROBINGS
EXPANSION WAVE

LIP SHOCK

DIMENSIONS IN INCHES

FIGURE A10, PROBING LOCATIONS OF EARLY MEASUREMENTS




